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SYNOPSIS 

A commercial electronic-sensing device (counter) was purchased and t e s ted  f o r  
determination of concentration and p a r t i c l e  s i z e  d i s t r i b u t i o n  of sediments. In  
operation a known volume i s  metered from a d i l u t e  suspension i n  which the  sediment 
p a r t i c l e s  a r e  uniformly dispersed.  A s  t h e  individual  p a r t i c l e s  pass through a 
small aper ture  they produce an e l e c t r i c a l  pulse  tha t  i s  proportional  t o  p a r t i c l e  
volume. The numbers of pulses l a rge r  than severa l  successive reference s i z e s  a r e  
counted, By ca l ib ra t ion  the e lec t r i ca l -pu l se  s i z e s  a r e  r e la ted  t o  p a r t i c l e  s i zes .  
The s i z e  d i s t r i b u t i o n  and concentration can then be determined. 

P a r t i c l e s  with diameters from 2 t o  40 percent of the  aper ture  diameter can be 
analyzed. Apertures with diameters of 50, 140, and 400 microns were used and 
p a r t i c l e s  from 1 micron t o  l a rge r  than 100 microns i n  s i z e  were analyzed. Uniform 
dispers ion of natura l  sediment p a r t i c l e s  coarser than 100 microns was d i f f i c u l t  t o  
obta in .  The necessi ty of passing the p a r t i c l e s  through a very small aper ture  and 
of using more than one aper ture  f o r  most analyses i s  a disadvantage. 

Samples of f u l l e r ' s  ea r th ,  coal  dust ,  pollens,  g lass  beads, polystyrene beads, 
and sediments from natura l  streams were analyzed or were used a s  ca l ib ra t ion  ma- 
t e r i a l s .  P a r t i c l e  shape, roughness, and kind of material  had l i t t l e  e f f e c t  on 
analys is .  Determination of an accurate  s i z e  or s i z e  d i s t r i b u t i o n  of mater ia ls  f o r  
u s e  i n  ca l ib ra t ing  and checking the  counter was a basic problem. Microscopic ana- 
lyses  were used a s  the  standard of comparison with the counter. A counter analys is  
was about a s  accurate  a s  microscopic analys is  of s i z e  d i s t r i b u t i o n  and took nearly 
a s  long. 

The electronic-sensing method i s  shown t o  be usable f o r  s i z e  analys is  i n  the  
laboratory.  The method can be used t o  determine concentration by volume but the 
process i s  long and involved. However, the  basic e lec t ronic  approach determined 
accurate ly  the  volume of a s ing le  p a r t i c l e  i n  an aper ture ,  Although severa l  
problems a r e  involved, the  bas ic  approach might be extended t o  the  determination 
of concentration of p a r t i c l e s  i n  a l a rge r  aper ture  or  sensing zone. 
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Progress  Report R 

ELECTRONIC SENSING OF SEDIMENT 

I. INTRODUCTION 

1. Purpose and scope of t h e  investig.ation--Suspended-sediment d i scharge  of 
streams i s  being measured a t  hundreds of p l ace s  i n  t h e  United S t a t e s .  The d i s -  
charge i s  obta ined  from manual measurements of sediment concen t r a t i on  and stream 
d ischarge .  Such records  a r e  c o s t l y  and o f t en  they a r e  incomplete.  A method of 
au tomat ica l ly  determining suspended-sediment concent ra t ion  i n  s t reams i s  needed t o  
improve accuracy and c o n t i n u i t y  of sediment records  and reduce t he  c o s t  inheren t  
i n  f requent  manual measurements. The p o s s i b i l i t i e s  of u s ing  e l e c t r o n i c  sens ing  of 
sediment i n  suspension seem t o  j u s t i f y  an i n t e n s i v e  s tudy  of t h i s  method. 

This r epo r t  i s  a  s tudy  of t h e  method of e l e c t r o n i c  sens ing  of suspended sed i -  
ment. Ul t imate ly  t h e  method should be  eva lua ted  completely.  This f i r s t  p r o j e c t  
r e p o r t  i s  l im i t ed  t o  an  eva lua t i on  of t h e  on ly  commercial instrument  a v a i l a b l e  f o r  
e l e c t r o n i c  sens ing  of sediment s i z e  and concent ra t ion .  

A commercial e l e c t r o n i c  device  f o r  measuring and count ing  p a r t i c l e s  i n  sus-  
pension was purchased, and i t s  accuracy,  s t a b i l i t y ,  and dependab i l i t y  were t e s t e d  
t o  determine t h e  p o t e n t i a l i t i e s  and competence of t h e  appara tus  and method. Basi- 
c a l l y  t h e  e l ec t ron i c - sens ing  device  determines t h e  number of p a r t i c l e s  l a r g e r  than 
each of a  s e r i e s  of s e l e c t e d  s i z e s ,  and s i z e  d i s t r i b u t i o n  i s  computed from the  
da ta .  A f t e r  s i z e  d i s t r i b u t i o n  i s  determined, t h e  concent ra t ion  of sediment can be 
ob ta ined .  I f  t h e  commercial instrument  proves capable of a c c u r a t e  s i z e  a n a l y s i s  
of sediment samples i t  w i l l  f i l l  a  need i n  t h e  l abo ra to ry .  However, development 
of an instrument  f o r  f i e l d  de te rmina t ion  of concent ra t ion  i s  t h e  u l t i m a t e  goa l .  

I f  e l e c t r o n i c  s ens ing  can determine a c c u r a t e l y  t h e  s i z e  of an i nd iv idua l  
p a r t i c l e ,  t h e  change i n  r e s i s t a n c e  caused by a  cloud of p a r t i c l e s  i n  a  l a r g e r  
a p e r t u r e  can perhaps be measured t o  g ive  sediment concent ra t ion  d i r e c t l y .  Also 
measurement of concen t r a t i on  w i t h i n  l im i t ed  s i z e  ranges might s imp l i fy  d i r e c t  de- 
t e rmina t ion  of t o t a l  sediment concent ra t ion .  E l ec t ron i c  sens ing  is  important  be- 
cause of i t s  p o s s i b l e  f u t u r e  u se  f o r  determining sediment concen t r a t i on  i n  t h e  
f  iebd.  

Tes t s  of t h e  commercial ins t rument  were made bo th  on known s i z e  d i s t r i b u t i o n s  
of va r ious  m a t e r i a l s  and on n a t u r a l  sediment samples of unknown s i z e .  The in-  
v e s t i g a t i o n  was d iv ided  i n t o  two main p a r t s :  Instrument  t e s t i n g  on known pa r t i cu -  
l a t e  systems t o  e s t a b l i s h  ope ra to r  technique,  and a n a l y s i s  of samples of known and 
u n k n m  s i z e s .  Some of t he  f i r s t  t e s t s  were run t o  eva lua t e  e f f e c t s  of tempera- 
t u r e ,  counted volume, and e l e c t r i c a l  environment on t h e  ope ra t i on  of t h e  e l e c t r o n i c  
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counter .  L a t e r  t e s t s  were run  t o  e s t a b l i s h  r o u t i n e  techniques f o r  ana lys i s  of un- 
known samples. 

Experience showed t h a t  t h e  counter  needed seve ra l  minor improvements f o r  b e s t  
u s e  over a  wide range of sediment s i z e s .  I n  most a p p l i c a t i o n s  t h e  instrument  i s  
used t o  count p a r t i c l e s  of a  narrow s i z e  range o r  t o  monitor suspensions of p a r t i -  
c l e s  of a  known o r  l im i t ed  s i z e  d i s t r i b u t i o n .  Such ana lyses  can be made f a r  more 
simply and more quick ly  than an a n a l y s i s  of  an average sediment. 

Throughout t h e  i n v e s t i g a t i o n  of t h e  e l e c t r o n i c  counter ,  s h o r t  c u t s  i n  methods 
of instrument  ope ra t ion  and i n  da t a  process ing  were s tud i ed .  Because t h e  p re sen t  
method of ob t a in ing  concent ra t ion  involves a  long and i n t r i c a t e  process of i n t e -  
g r a t i o n  t o  determine t h e  concent ra t ions  of many s i z e  ranges of p a r t i c l e s ,  t h e  most 
important s h o r t  c u t  would be  one t o  permit d i r e c t  de te rmina t ion  of sediment con- 
c e n t r a t i o n .  

I n  t h i s  r e p o r t  " e l ec t ron ic  counter" o r  simply "counter" w i l l  de s igna t e  t h e  
complete s e t  of commercial equipment f o r  e lec t ronic  ensing of sediment. 

2 .  H i s to ry  of instrument and method--The e l e c t r o n i c  counter  was developed 
o r i g i n a l l y  f o r  counting blood c e l l s  and p a r t i c l e s  t h a t  contaminate f l u i d s  and 
l i q u i d  foods i n  t h e  medical-biological  f i e l d .  En 1956 W. H.  ~ o u i t e r  [ 3 ] *  pre- 
sen ted  a  paper on a  high-speed, automatic blood counter  and c e l l - s i z e  ana lyzer .  

Mattern, Bracke t t ,  and Olson [ 9 ]  of t h e  National  I n s t i t u t e  of Heal th d i s -  
cussed t h e  de termina t ion  of s i z e  and number of c e l l s  pass ing  through a  small 
o r i f i c e  o r  ga t e .  A t  t h e  present  time (1964) t h e  counter  i s  used widely i n  p a r t i -  
c l e  a n a l y s i s  of powders, s l u r r i e s ,  and emuls i f ied  ma te r i a l s .  

3 .  -The e l e c t r o n i c  counter  was 
developed t o  measure and count ind iv idua l  p a r t i c l e s  a s  they pass  through a  s'mall 
ape r tu re .  A known volume of a  conductive l i q u i d  ( e l e c t r o l y t e )  conta in ing  t h e  
p a r t i c l e s  i n  d i l u t e  suspension i s  drawn through t h e  a p e r t u r e .  Res is tance  between 
e l ec t rodes  a t  each end of t h e  ape r tu re  changes whenever a  p a r t i c l e  d i sp l aces  p a r t  
of t h e  l i q u i d  i n  t h e  ape r tu re .  A nea r ly  cons tan t  e l e c t r i c a l  c u r r e n t  flows between 
t h e  e l ec t rodes  s o  t h a t  t he  change i n  r e s i s t a n c e  produces a  vo l t age  pu l se  t h a t  i s  
p ropor t i ona l  t o  p a r t i c l e  volume, The e l e c t r i c a l  pu lses  a r e  ampl i f ied ,  screened t o  
s i z e ,  and counted. 

The counter  has an  a d j u s t a b l e  threshold  l e v e l  below which e l e c t r i c a l  pu l se s  
a r e  not  counted. The threshold  can be s e t  s o  h igh  t h a t  none o r  only a  few of t h e  
l a r g e s t  p a r t i c l e s  a r e  counted. Then i t  can be  lowered i n  success ive  s t e p s  and a 
count of pu l se s  l a r g e r  than each s t e p  can be taken.  The r e l a t i o n  of pu l se  he igh t  

- 

* Numbers i n  bracke ts  i n d i c a t e  r e f e r ences  l i s t e d  on page 80, 
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t o  p a r t i c l e  volume can b e  e s t a b l i s h e d  by c a l i b r a t i o n  w i t h  p a r t i c l e s  of a known 
s i z e .  Thus, t h e  number of p a r t i c l e s  i n  each s i z e  range can be determined. 
Threshold adjustment  can provide only f o r  a 3 t o  1 range i n  p a r t i c l e  diameter .  
However, adjustments  of ampl i f i ca t i on  (gain)  and vo l t age  ac ros s  t h e  e l ec t rodes  
permit  a n a l y s i s  s f  p a r t i c l e  diameters  over a range of 20 t o  1. I f  ape r tu re s  
having diameters  of 50, 140, and 400 microns a r e  used, a range of p a r t i c l e  d i -  
ameters from 1 t o  160 microns can be measured. Because t h e  measurement i s  of 
p a r t i c l e  volume, p a r t i c l e  diameter merely expresses t h e  diameter  of a sphere 
that: has t h e  same volume a s  t h e  p a r t i c l e .  
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11. METHOD OF OPERATION 

4.  Equipment l o c a t i o n  and power supply--The equipment should be placed on a  
r i g i d  t a b l e  o r  bench t h a t  has ample room f o r  each component. Crowding of any p a r t  
i nc r ea se s  t h e  p r o b a b i l i t y  t h a t  c o n t r o l s  o r  s e t t i n g s  w i l l  b e  i nadve r t en t l y  bumped 
o r  j o l t e d  ou t  of adjustment .  The instrument  should be a t  a  he ight  t h a t  i s  comfort- 
a b l e  f o r  ope ra t i on  from a  c h a i r  o r  s t o o l .  A second t a b l e  placed near  t h e  i n s t r u -  
ment provides space f o r  p repara t ion  of samples, e l e c t r o l y t e s ,  and d i s p e r s i n g  
agen t s .  The l o c a t i o n  should be a s  f r e e  a s  p o s s i b l e  from v i b r a t i o n  and a i r b o r n e  
d u s t .  A dus t  cover i s  recommended whenever t h e  equipment i s  no t  i n  use .  The 
appara tus  may have t o  be e l e c t r i c a l l y  sh i e lded  i f  i t  i s  near  high-frequency de- 
v i c e s ,  f l u o r e s c e n t  l i g h t s ,  c a l c u l a t i n g  machines, s t a r t e r s ,  and s i m i l a r  sources of 
e l e c t r i c a l  n o i s e  o r  r a d i a t i o n ,  

A r egu l a t ed  power supply r e l a t i v e l y  f r e e  from f l u c t u a t i o n s ,  i s  necessary .  
The e l e c t r i c a l  equipment must be grounded c a r e f u l l y  t o  p r o t e c t  ope ra to r s  from 
h igh  vo l t ages  and t o  minimize ex t e rna l  e l e c t r i c a l  i n t e r f e r e n c e .  

5.  --The e l e c t r o n i c  components form one main sec-  
t i o n  of t h e  e l e c t r o n i c  counter .  These a r e  housed i n  a  cab ine t  t h a t  con t a in s  t h e  
count ing  system and c o n t r o l s  f o r  t h r e sho ld ,  ga in ,  a p e r t u r e  c u r r e n t ,  and va r ious  
minor adjustments .  The ex t e rna l  f e a t u r e s  of t h e  cab ine t  (Fig.  1) a r e :  (1) an 
on-and-off swi tch ;  (2 )  an o sc i l l o scope ;  ( 3 )  a  th reshold  d i a l  and v e r n i e r ;  (4)  an  
ape r tu r e - cu r r en t  s e l e c t o r  d i a l ,  o r  I - c u r r e n t  d i a l ,  (with t en  s e p a r a t e  s e t t i n g s ) ;  
a  d i g i t a l  r e co rde r  c o n s i s t i n g  of (5) a  s e r i e s  of t h r e e  decade counters ,  and ( 6 )  
a  d i g i t a l  r e g i s t e r ;  (7)  a  ga in - se l ec to r  swi tch  (with s i x  s e p a r a t e  s e t t i n g s ) ;  and 
(8) a  count  r e s e t  switch.  

The sample s t and  ( 9  on F ig .  1 )  w i t h  a u x i l i a r y  equipment i s  t h e  o the r  of t h e  
two main s e c t i o n s  of t h e  counter .  (See F i g s .  1 & 2 . )  The p r i n c i p a l  components 
i nc lude  t h e  sample platform, sample beaker ,  motor-driven a g i t a t o r ,  a p e r t u r e  tube ,  
microscope, vacuum supply, volume-control manometer, tube- f lush ing  beaker ,  and 
t r a p  f l a s k .  

 he pla t form (1 on F ig .  2)  f o r  t h e  sample beaker may be  moved up end dawn on 
a  guide rod .  It i s  he ld  i n  p o s i t i o n  by a  suppor t ing  sp r ing .  A 300-ml sample 
beaker (2 )  having a  bottom t h a t  i s  rounded t o  s imp l i fy  t h e  suspension of t h e  p a r t i -  
c l e s  s e t s  on t h e  sample platform. The sample i s  a g i t a t e d  by a  p rope l l e r  on a  
s t i r r i n g  rod ( 3 ) ,  t h a t  can be d r iven  a t  a  s e l e c t e d  speed (4) by a  b rush l e s s  motor 

( T ) ,  The p r o p e l l e r  on t he  end of t he  s t i r r i n g  rod revolves  I n  t h e  sample beaker  
t o  keep t h e  p a r t i c l e s  i n  suspension.  

A stopcock and connect ions u n i t  provides a  mounting (below 7 ,  8) f o r  t he  epe r -  
t u r e  tube  ( 6 ) ;  i t  al lows a l t e r n a t e  connect ions through s topcock (7) t o  t h e  vacuum 
supp ly  ( through the  t r a p  f l a s k ) ,  t o  t he  mercury manometer (bemeen 15, 16) o r  t o  
t h e  a u x i l i a r y  f l u s h i n g  system, which c o n s i s t s  of s topcock (8) and a  tube t o  t h e  



EXPLANATION 

P a r t  Number Descr ip t ion  

On-off switch 
Osci%loscope 
Threshold d i a l  
Aperture-current  s e l e c t o r  
Decade counters  
DigFtal  r e g i s t e r  
GaFn-selector switch 
Count reset switch 
Sample s tand  (F ig .  2) 



Fron t  

EXPLANATION 

Rear 

P a r t  Number Descr ip t ion  

Sample p la t form 
Sample beaker 
S t i r r i n g  rod ( a g i t a t o r )  
Ag i t a to r  speed c o n t r o l  
Ag i t a to r  motor 
Aper ture  tube  
Vacuum stopcock 
Tube f l u s h i n g  stopcock 
Aux i l i a ry  beaker 
Aper ture  l i g h t  
Microscope 
Vacuum pump 
Vacuum c o n t r o l  
Trap f l a s k  
Mercury r e s e r v o i r  
Star t -and-stop e l ec t rodes  
Volume s e l e c t o r  switches 

FIG. 2--SA%IPLE STAND AND ACCESSORIES FOR ELECTRONIC SENSING 



a u x i l i a r y  beaker ( 9 ) .  The open top of t h e  a p e r t u r e  tube  i s  joined t o  t h e  s topcock 
u n i t  w i t h  a ground-glass j o i n t  t h a t  i s  s ea l ed  w i th  vacuum grease .  The a p e r t u r e  is  
a  small opening i n  a  qua r t z  d i s c  t h a t  i s  fused  i n t o  t h e  s i d e  of t h e  a p e r t u r e  tube  
near  t h e  bottom. The a r ea  near  t h e  a p e r t u r e  i s  l i g h t e d  (10) and a  microscope (11) 
can be used t o  observe sediment p a r t i c l e s  i n  suspension near  t he  a p e r t u r e ,  o r  
p a r t i c l e s  plugging t h e  ape r tu r e .  

A pump (12) develops a  c o n t r o l l e d  vacuum (13) i n  a  t r a p  f l a s k  (14) .  The 
f l a s k  p r even t s  a c c i d e n t a l  damage t o  t he  pump i f  sediment i n  suspension is drawn 
i n t o  t h e  vacuum system. The vacuum i s  connected t o  t h e  s topcock u n i t  ( 7 ,  8) 
through a  hose s o  t h a t  t he  vacuum can be used t o  s t a r t  flow through t h e  a p e r t u r e  
and t o  unbalance t h e  mercury i n  t h e  volume-control manometer. The manometer con- 
s i s t s  of a  mercury r e s e r v o i r  ( I s ) ,  g l a s s  tubing,  and s t a r t - and - s top  e l e c t r o d e s  
(16) .  A s  t h e  mercury d r a i n s  backward through t h e  manometer, t h e  s ta r t -and-s top  
e l e c t r o d e s  l i m i t  t h e  p a r t i c l e  count t o  a  d e f i n i t e  volume of sample a s  s e l e c t e d  
by t he  volume-selector  switches ( 1 7 ) .  An a u x i l i a r y  connect ion t o  a  beaker of 
e l e c t r o l y t e  ( 9 )  provides f o r  f l u s h i n g  o r  d r a in ing  t h e  system. 

The e l e c t r o n i c s  cab ine t  i s  connected t o  e l ec t rodes  t h a t  span t h e  a p e r t u r e  and 
a l s o  t o  t hose  i n  t h e  volume-control manometer (Fig.  3 ) .  Power f o r  t he  vacuum pump 
and f o r  t h e  a g i t a t o r  motor comes from t h e  power supply i n  t h e  cab ine t .  Voltage 
pu l se s  from t h e  passage of p a r t i c l e s  through t h e  a p e r t u r e  a r e  fed  i n t o  t h e  e l ec -  
t r o n i c  c i r c u i t s  i n  t h e  cab ine t .  These c i r c u i t s  p rovide  f o r  amplifying,  sc reen-  
i ng ,  count ing ,  and d i sp l ay ing  t h e  pu lses  on t h e  o sc i l l o scope .  

MAIN ELECTRODES 

ELECTROLYTE 

FIG. 3--SCHEMATIC DIAGRAM OF ELECTRONIC-SENSING SEDIMENT ANALYZER 

Reference 4 



6 .  E lec t ro ly te - -The  f i r s t  s t e p  i n  p r epa r ing  f o r  a n a l y s i s  of a  sample i s  t o  
s e l e c t  a  s u i t a b l e  e l e c t r o l y t e .  The requirements  f o r  an  e l e c t r o l y t e  f o r  use  i n  t h e  
counter  a r e :  a  l i q u i d  t h a t  has a  d i e l e c t r i c  cons t an t  of 10 ohm-cm o r  more; t h a t  
i s  m i s c i b l e  w i t h  a l l  o the r  l i q u i d s  used;  t h a t  w i l l  d i s s o l v e  some s a l t s  t o  form 
ions  bu t  w i l l  no t  d i s s o l v e  t h e  sample p a r t i c l e s ;  t h a t  has r a t h e r  low v o l a t i l i t y ,  
t o x i c i t y ,  f lammabil i ty ,  and c o s t .  For sed imenta t ion  work a  1-percent  s o l u t i o n  of 
sodium c h l o r i d e  i n  d i s t i l l e d  water  i s  s a t i s f a c t o r y  and easy t o  prepare .  I t  has a  
r e s i s t i v i t y  of 55 ohm-cm. I f  r e s i s t i v i t y  i s  much lower, accuracy i s  l o s t ;  and i f  
i t  i s  much h ighe r ,  e l e c t r i c a l  n o i s e  l e v e l s  a r e  a  problem. Many d i f f e r e n t  e l e c t r o -  
l y t e s  have a  s a t i s f a c t o r y  l e v e l  of r e s i s t a n c e .  A choice  of e l e c t r o l y t e s  can be 
based on convenience and on t h e  m a t e r i a l  t o  be  analyzed.  

Even t h e  b e s t  d i s t i l l e d  water  con t a in s  some f i n e  p a r t i c l e s .  Unless t h e  par -  
t i c l e s  i n  t h e  sample a r e  l a r g e  i n  comparison w i t h  t h e  p a r t i c l e s  i n  t h e  e l e c t r o -  
l y t e ,  t h e  e l e c t r o l y t e  should be f i l t e r e d  t o  remove f i n e  p a r t i c l e s  t h a t  might i n -  
t e r f e r e  w i t h  t h e  a n a l y s i s  of t h e  f i n e  sediment p a r t i c l e s .  Most samples from 
n a t u r a l  s t reams con t a in  some sediment p a r t i c l e s  s o  f i n e  t h a t  t h e  e l e c t r o l y t e  
should be f i l t e r e d .  A s  an a l t e r n a t i v e  t o  f i l t e r i n g ,  t h e  background count i n  t h e  
e l e c t r o l y t e  may be determined a s  a  b a s i s  f o r  c o r r e c t i n g  t h e  a n a l y s i s ,  but  u sua l l y  
f i l t e r i n g  i s  more d e s i r a b l e .  A simple system composed of a  f i l t e r  f l a s k ,  a  hold-  
i n g  clamp, and a  graduated funnel  w i th  f r i t t e d - g l a s s  f i l t e r  support  was used f o r  
f i l t e r i n g  t h e  e l e c t r o l y t e .  A fine-membrane f i l t e r  placed over t he  coarse  f r i t t e d -  
g l a s s  f i l t e r  f u r t h e r  reduced t h e  e l e c t r o l y t e  p a r t i c l e  i n t e r f e r e n c e  t o  t he  0.5 
micron l e v e l .  

The a d d i t i o n  of 0 .1 percent  of formaldehyde prevents  growth of microorganisms 
i n  t h e  e l e c t r o l y t e  [ 2 ] .  

7 .  - - I f  t h e  sample t o  be  analyzed con t a in s  only a  small  
amount of m a t e r i a l ,  t h e  e n t i r e  quan t i t y  may be  used i n  t h e  counter ,  but  gene ra l l y ,  
on ly  a  smal l  sample of t h e  a v a i l a b l e  m a t e r i a l  can be used.  A good sample must 
a c c u r a t e l y  r ep re sen t  t h e  pa ren t a l  d i s t r i b u t i o n .  Representa t ive  samples of d ry  
sediment may be obtained by s p l i t t i n g  t he  o r i g i n a l  sample w i th  m i c r o s p l i t t e r s  

['I, 101 o r  by qua r t e r i ng  and recombining oppos i t e  q u a r t e r s  of t h e  sample r epea t -  
ed ly  [ a ] .  Representa t ive  samples from a  suspension of p a r t i c l e s  may be  ob ta ined  
by p i p e t t e  withdrawal from a  thoroughly mixed sample [ 5 ] .  Samples may be added t o  
t h e  e l e c t r o l y t e  o r  d i l u t e d  w i t h  e l e c t r o l y t e  a s  necessary .  Occasional ly,  a  sample 
i n  d i l u t e  suspension may be analyzed d i r e c t l y  u s ing  n a t i v e  water  a s  t h e  e l e c t r o -  
l y t e .  The n a t i v e  water  may be d i l u t e d  w i th  d i s t i l l e d  water  i f  d e s i r a b l e .  

Usual ly,  o rganic  mat te r  i n  t he  sample should be removed. Sometimes t h e  or -  
gan ic  ma t t e r  can be convenient ly burned ou t  of a  d ry  sample. I f  t h e  sample i s  i n  
water  t h e  organic  ma te r i a l  may be removed by adding hydrogen peroxide and hea t i ng  
[ 6 ] .  Organic ma t t e r  must be removed c a r e f u l l y  t o  avoid de s t roy ing  any sediment 
p a r t i c l e s .  I f  t reatment  i nc r ea se s  t h e  tendency of f i n e  p a r t i c l e s  t o  c l i n g  to -  
ge the r ,  e x t r a  e f f o r t  may be  r equ i r ed  t o  d i s p e r s e  t h e  p a r t i c l e s  s a t i s f a c t o r i l y .  
Normally, t h e  u se  of a  d i s p e r s a n t  i s  d e s i r a b l e  r ega rd l e s s  of p r i o r  t reatment  of 
t h e  samples. 
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P a r t i c l e  concent ra t ion  should be somewhere between 1 and 1,000 ppm by volume 
depending on t h e  a p e r t u r e  s i z e  t o  b e  used and t h e  p a r t i c l e  s i z e .  Concentrat ion 
must be high enough t o  provide s t a t i s t i c a l l y  s i g n i f i c a n t  counts ,  bu t  low enough t o  
avoid an  undes i rab ly  l a r g e  number of c o i n c i d e n t a l  passages through the  o r i f i c e  
(Sec t i on  1 9 ) .  Also,  i f  t h e  concent ra t ion  i s  kept  low t h e  sample i s  more e a s i l y  
d i spe r sed .  The sample may be d i l u t e d  w i th  a d d i t i o n a l  e l e c t r o l y t e  i f  necessary  t o  
reduce t h e  coincidence e f f e c t  o r  t o  provide a d d i t i o n a l  volume f o r  cont inued count- 
ing .  D i l u t i o n  simply reduces t he  number of counts .  The counts  can be overlapped 
t o  o b t a i n  t h e  r e l a t i o n s h i p  of t h e  counts  be fo re  and a f t e r  d i l u t i o n .  

8. -A s i z e  a n a l y s i s  w i t h  t h e  counter  i s  begun 
by p l a c i n g  a  sediment sample i n  t h e  300-ml round-bottom beaker which i s  then  
n e a r l y  f i l l e d  w i th  f i l t e r e d  e l e c t r o l y t e  t o  which a  d i s p e r s a n t  has been added. 
Next t h e  beaker i s  placed on t h e  sample p la t form (Fig.  2 )  and a  sp r ing  at tachment  
r a i s e s  t h e  beaker t o  t h e  ope ra t i ng  p o s i t i o n  i n  which t h e  opening i n  t h e  a p e r t u r e  
tube i s  about a n  inch  above t he  bottom of t h e  beaker .  The a g i t a t o r  motor i s  
p laced  s o  t h a t  t h e  s t i r r i n g  p r o p e l l e r  i s  nea r  t h e  bottom of t h e  beaker .  Then t h e  
motor i s  s t a r t e d ,  and i t s  speed i s  ad ju s t ed  t o  o b t a i n  a  uniform sediment suspen- 
s i o n  a t  a  minimum speed. 

An a p e r t u r e  s i z e  is chosen t o  f i t  t h e  s i z e  range expected f o r  t h e  p a r t i c l e s  
i n  t h e  sample. Normally t h e  sma l l e s t  a p e r t u r e  t h a t  w i l l  no t  plug w i th  sediment 
i s  chosen. ( I f  t h e  range of sediment s i z e s  i s  l a r g e ,  a d d i t i o n a l  a p e r t u r e s  of 
sma l l e r  s i z e s  may be requi red ,  bu t  t h e  d i s cus s ion  of t h e  ba s i c  procedure w i l l  be 
conf ined  t o  a n a l y s i s  w i th  a  s i n g l e  a p e r t u r e . )  The microscope can be used t o  no t e  
t h e  s i z e  of p a r t i c l e s  i n  suspension a s  a  b a s i s  f o r  e s t ima t ing  t h e  s i z e  of a p e r t u r e  
r equ i r ed .  Also when t h e  sample i s  being drawn through t h e  a p e r t u r e ,  t h e  micro- 
scope can  be used t o  observe any plugging. When t h e  a p e r t u r e  i s  plugged, t he  
count ing  r a t e  i s  reduced abnormally. 

P a r t i c l e s  a r e  drawn through t h e  a p e r t u r e  by opening a  stopcock a t  t h e  top  of 
t h e  a p e r t u r e  tube  (P ig ,  3 ) .  The c o n t r o l l e d  vacuum c rea t ed  by t h e  vacuum pump draws 
f l u i d  s imul taneous ly  from the  sample beaker and p u l l s  t h e  mercury i n t o  t h e  upper 
r e s e r v o i r  t o  unbalance t h e  mercury mansmeter, Af t e r  t h e  mercury is  drawn beyond 
t h e  s t a r t i n g  switch f o r  t h e  counter ,  t h e  s topcock is  c lo sed  t o  shut  o f f  t h e  vacuum. 
The s iphoning  a c t i o n  sf t h e  mercury mnometer  cont inues  t h e  flow of t h e  sediment 
suspension through t h e  a p e r t u r e .  %he mercury column d r a i n s  from t h e  upper r e s e r -  
v o i r  through the  vo lme-con t ro l  manometer toward t h e  s t a r t i n g  e l ec t rode .  When 
t h e  mercury reaches t he  s t a r t i n g  e l e c t r o d e ,  t h e  counter  d r i v e  i n  t h e  e l e c t r o n i c -  
cmponents  cab ine t  i s  a c t i v a t e d .  As a  p a r t i c l e  passes  through the  a p e r t u r e ,  i t  
d i s p l a c e s  i t s  awn volume of e l e c t r o l y t e  and changes t h e  r e s i s t a n c e  i n  t h e  aper-  
t u r e .  The change i n  r e s i s t a n c e  produces an  e l e c t r i c a l  pu l s e  t h a t  i s  picked up 
and amp l i f i ed .  The ampl i f ied  v o l t a g e  p u l s e  i s  d i sp layed  on an o sc i l l o scope  a s  a  
v e r t i c a l  s p i k e  whose he ight  i n d i c a t e s  t h e  r e l a t i v e  volume of t h e  p a r t i c l e .  The 
amp l i f i ed  pu lses  a r e  f ed  s imultaneously t o  a  th reshold  c i r c u i t  having a  d i a l  ad- 
justment f o r  sc reen ing  t h e  pu l s e s  accord ing  t o  s i z e .  The pulses  smal le r  than t he  
t h r e sho ld  l e v e l  a r e  no t  counted, bu t  those  t h a t  exceed t h e  th reshold  l e v e l  have 
b r i g h t  s e p e n t e  above t h a t  l e v e l  (as  s h w n  on t h e  o sc i l l o scope ) ,  and they  a r e  
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counted i nd iv idua l l y .  Af t e r  t h e  mercury has metered a  c e r t a i n  volume of sediment 
suspension through t h e  a p e r t u r e ,  a  s t o p  e l e c t r o d e  d e a c t i v a t e s  t h e  counting c i r c u i t  
and t h e  number of p a r t i c l e s  l a r g e r  than t h e  th reshold  s i z e  can be read  from t h e  
d i g i t a l  r e g i s t e r .  The e l ec t rodes  a r e  spaced a c c u r a t e l y  t o  meter a  d e f i n i t e  volume 
of  sample. Some instruments  have p rov i s ion  f o r  connect ing t h e  c i r c u i t  t o  a l t e r n a t e  
e l e c t r o d e s  t o  provide a  choice  of two o r  more sample volumes. The counter  used i n  
t h e s e  t e s t s  had t h r e e  metered volumes f romwhich  t o  choose. 

Genera l ly  t h e  th reshold  d i a l  i s  f i r s t  s e t  h igh  enough s o  t h a t  a l l ,  o r  a l l  but  
a  very  few, of t h e  l a r g e s t  p a r t i c l e s  a r e  screened o u t .  Such a  s e t t i n g  g ives  a  zero,  
o r  near  zero, count t o  d e f i n e  t h e  coa r se  end of t h e  s i z e  d i s t r i b u t i o n .  A s e r i e s  of 
counts  i s  taken a t  t h e  f i r s t  t h r e sho ld  s e t t i n g ,  and a d d i t i o n a l  s e r i e s  of counts  a r e  
taken  a t  10  o r  more success ive ly  lower th reshold  s e t t i n g s .  When t h e  lower l i m i t  of 
t h e  t h r e sho ld  d i a l  i s  reached, t he  read ings  may be extended t o  smal le r  s i z e s  by i n -  
c r e a s i n g  t h e  a p e r t u r e  cu r r en t  and by i nc rea s ing  t h e  ga in  s e t t i n g .  

P a r t i c l e s  counted a t  t he  h ighes t  th reshold  s e t t i n g s  a r e  l a r g e  and each r ep re -  
s e n t s  a  s i g n i f i c a n t  p a r t  of t h e  t o t a l  s i z e  d i s t r i b u t i o n .  The numbers counted a r e  
sma l l ,  and random v a r i a t i o n s  cause l a r g e  percentage v a r i a t i o n s  i n  t h e  numbers i n  
each count .  Therefore,  t h e  count should be repea ted  s i x  o r  e igh t  times t o  o b t a i n  
a  good average. A t  lower th reshold  s e t t i n g s  more p a r t i c l e s  a r e  contained i n  each 
count ,  t h e  readings a r e  l e s s  v a r i a b l e ,  and two o r  t h r e e  d u p l i c a t e  counts  a r e  gen- 
e r a l l y  s u f f i c i e n t .  

9. Combination of ape r tu r e s  f o r  a  wide ranRe of sizes--A given s i z e  of 
a p e r t u r e  can be used only f o r  a n a l y s i s  of p a r t i c l e s  having nominal diameters  from 
about  1 t o  40 percent  of t h e  a p e r t u r e  diameter .  A few p a r t i c l e s  a s  l a r g e  a s  50 
pe rcen t  of t h e  a p e r t u r e  diameter  may be p re sen t  i n  t h e  sample i f  t h e  a p e r t u r e  does 
n o t  c l o g  too  f r equen t ly .  The l a r g e s t  p a r t i c l e  s i z e  i n  t h e  sample t o  be analyzed 
determines t h e  sma l l e s t  a p e r t u r e  t h a t  can be used.  Normally, t h i s  a p e r t u r e  i s  cho- 
s en  f o r  s t a r t i n g  t he  a n a l y s i s .  I n spec t i on  through the  microscope, absence of ex- 
c e s s i v e  a p e r t u r e  plugging, and da t a  on t h e  c o a r s e s t  p a r t i c l e s  soon show whether t h e  
proper  a p e r t u r e  was chosen. Analysis  i s  cont inued throughout t h e  usab le  range of 
t h e  f i r s t  a p e r t u r e  and then i s  extended t o  smal le r  s i z e s  of ape r tu r e s  i f  add i t i on -  
a l  d e f i n i t i o n  of t h e  f i n e - p a r t i c l e  d i s t r i b u t i o n  i s  r equ i r ed .  Apertures  a r e  chosen 
s o  t h a t  t he  p a r t i c l e  s i z e s  analyzed i n  one a p e r t u r e  over lap  those  i n  t he  nex t .  

As an  a n a l y s i s  i s  cont inued t o  sma l l e r  a p e r t u r e s ,  t h e  coa r se r  p a r t i c l e s  i n  t he  
sample must be removed by s i ev ing ,  o r  by sedimentat ion methods. Also t h e  sample 
may have t o  be d i l u t e d  t o  provide enough volume f o r  a n a l y s i s  o r  t o  reduce t h e  
number of f i n e  p a r t i c l e s  t o  be counted.  

Sediment p a r t i c l e s  from 1 t o  160 microns i n  diameter  can be analyzed i n  a  
s e r i e s  of t h r e e  a p e r t u r e s  t h a t  have s i z e s  of 50, 140, and 400 microns. The manu- 
f a c t u r e r  of t h e  counter  can supply a p e r t u r e  s i z e s  ranging from 11 t o  2,000 microns. 
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10.  Care and c lean ing  of instrument--The sample beaker and t h e  a p e r t u r e  tube 
must be kept c l ean  and f r e e  from a i r  bubbles .  Bubbles i n  e i t h e r  one cause spur-  
i ous  counts ,  and t h e  bubbles c l i n g  t o  d i r t y  g l a s s  su r f ace s  more r e a d i l y  than  t o  
c l e a n  g l a s s .  A l l  a u x i l i a r y  glassware,  inc lud ing  t h e  f i l t e r i n g  system and sample 
p i p e t t e ,  must be washed occas iona l l y  i n  a  de t e rgen t  s o l u t i o n  t o  remove any f i l m  
t h a t  c l i n g s  t o  t h e  g l a s s .  

Normally t h e  mercury manometer w i l l  o p e r a t e  f o r  long per iods  of t ime wi thout  
c l ean ing .  However, i n  t h e  bulb-shaped r e s e r v o i r  near  t he  top of t h e  manometer t he  
sample i n  t h e  a p e r t u r e  tube comes i n  con t ac t  w i th  t h e  mercury su r f ace ,  and i n  time 
some p a r t i c l e s  w i l l  work down i n t o  t he  mercury. Also, some p a r t i c l e s  may be drawn 
i n t o  t h e  meter ing s e c t i o n  wh i l e  t h e  vacuum pump i s  being r egu l a t ed .  I f  sediment 
p a r t i c l e s  form a  scum on t h e  plat inum e l ec t rodes  t h a t  s t a r t  and s t o p  t h e  counter ,  
t h e  metered volume may be i naccu ra t e ,  and t h e  manometer must be cleaned.  The me- 
t e r i n g  s e c t i o n  and t he  plat inum e l e c t r o d e s  can be cleaned by washing, r i n s i n g ,  and 
d ry ing  w i t h  n i t r i c  a c id  and e t h y l  a l coho l .  Af t e r  t h e  manometer has been c leaned ,  
c l e a n  mercury i s  added through t h e  f r e e  end of t h e  manometer t o  f i l l  t h e  manome- 
t e r  t o  t he  wides t  p a r t  of t h e  upper r e s e r v o i r .  This  l e v e l  g ives  t h e  b e s t  meter ing 
accuracy.  I f  s epa ra t i ons  form i n  t h e  mercury column of t h e  manometer, they may be 
drawn i n t o  a  small  round r e s e r v o i r  c a l l e d  t h e  coa lesc ing  s e c t i o n ,  where they  a r e  
e l im ina t ed .  

E l e c t r i c a l  connect ions must be kept  t i g h t ,  d ry ,  and f r e e  from d u s t .  The 
connect ions on t h e  sample s tand  r e q u i r e  t h e  most a t t e n t i o n  because they may be- 
come encrus ted  from s p i l l a g e s .  

When no t  i n  use ,  t h e  instrument  and sample s t and  a r e  covered w i th  a ,  p l a s t i c  
s h e e t  t o  p r o t e c t  them from d u s t .  
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11. Change i n  r e s i s t a n c e  r e s u l t i n g  from p a r t i c l e  passage--If t h e  e l e c t r i c a l  
e f f e c t  of a  p a r t i c l e  i n  t h e  a p e r t u r e  i s  expressed i n  terms of a  r i g h t  c y l i n d e r  
t h a t  i s  a l i gned  w i th  t h e  a p e r t u r e  a x i s ,  i t  can be shown [4]  (Appendix, Sec t i on  38) 
t h a t  t h e  change i n  a p e r t u r e  r e s i s t a n c e ,  A R ,  caused by t h e  p a r t i c l e  i s  

When: 

R = r e s i s t a n c e  w i th  a  p a r t i c l e  i n  t h e  a p e r t u r e  
R o =  r e s i s t a n c e  of e l e c t r o l y t e  wi thout  t h e  p a r t i c l e  

- e l e c t r o l y t e  r e s i s t i v i t y  Po - 
P = e f f e c t i v e  r e s i s t i v i t y  of t h e  p a r t i c l e  
V = p a r t i c l e  volume 
A = a p e r t u r e  a rea  normal t o  a p e r t u r e  a x i s  
a  = area  normal t o  a p e r t u r e  a x i s  of equiva len t  r i g h t  cy l i nde r  f o r  t h e  

p a r t i c l e  a s  o r i e n t e d  i n  t h e  a p e r t u r e  

Equation 1 shows t h a t  response AR, depends almost d i r e c t l y  ( s ee  a l s o  d i s -  
cus s ion  of 19Q/p on next  page) on t h e  r e s i s t i v i t y  of t h e  e l e c t r o l y t e .  This r e s i s -  
t i v i t y  can be measured s e p a r a t e l y  f o r  each a n a l y s i s .  However, one e l e c t r o l y t e  i s  
commonly used f o r  many ana ly se s .  The r e s i s t a n c e  i s  then measured once and checked 
occas iona l l y .  Temperature i s  he ld  e s s e n t i a l l y  cons tan t  o r  t he  e f f e c t  of tempera- 
t u r e  changes on t he  r e s i s t i v i t y  i s  determined and co r r ec t i ons  a r e  made f o r  tempera- 
t u r e s  d i f f e r e n t  from t h a t  f o r  which t h e  r e s i s t i v i t y  was measured (Sec t ion  2 5 , )  

The l a s t  term i n  t h e  denominator of Equation 1 i s  no t  s % g n i f i c a n t  f o r  very  
law a/A r a t i o s .  For s p h e r i c a l  p a r t i c l e s  w i t h  diameters  t h a t  a r e  30 percent  s f  
t h e  a p e r t u r e  diameter  t h e  r a t i o  a/A i s  1:ll and t h e  equat ion i n d i c a t e s  a  g r e a t e r  
than  l i n e a r  response.  The e f f e c t  of t h e  a/A r a t i o  i s  c o r r e c t a b l e  whenever cor rec-  
t i o n  i s  j u s t i f i e d .  However, t h e  l a r g e r  t h e  p a r t i c l e  i n  r e l a t i o n  t o  t h e  a p e r t u r e ,  
t h e  g r e a t e r  t h e  cu r r en t  d e n s i t y  around t h e  p a r t i c l e  a t  t he  time of passage through 
t h e  a p e r t u r e  and t he  g r e a t e r  t h e  e l e c t r i c a l  hea t i ng  of t h e  e l e c t r o l y t e .  The hea t -  
i n g  of  t h e  e l e c t r o l y t e  momentarily lowers t h e  r e s i s t a n c e  and reduces t h e  response 
somewhat. Also f o r  t h e  l a r g e r  p a r t i c l e s ,  t h e  e n t i r e  volume may no t  be e n t i r e l y  
w i t h i n  t h e  a p e r t u r e  and thus  may not  cause  maximum response a t  t h e  i n s t a n t  of 
passage.  Elongated p a r t i c l e s  t h a t  a l i g n  w i t h  t h e  stream flow may have t he  g r e a t e s t  
r educ t i on  i n  response.  Pre l iminary  i n v e s t i g a t i o n s  i n d i c a t e  t h a t  t h e  e f f e c t  of t h e  
a/A f a c t o r  i s  n e g l i g i b l e  i f  p a r t i c l e  dLarneter is l e s s  than 40 percent  of a p e r t u r e  
d iameter .  I f  t h e  a/A t e r n  i s  n e g l i g i b l e ,  t hen  t h e  response AR, i s  i n v e r s e l y  pro- 
p o r t i o n a l  t o  the square of t h e  a p e r t u r e  a r e a .  
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Normally, p a r t i c l e  r e s i s t i v i t y  i s  e f f e c t i v e l y  many o rde r s  of magnitude 
g r e a t e r  than t h a t  of t h e  e l e c t r o l y t e .  Powders of metals  t h a t  a r e  good conductors 
behave l i k e  nonconductors,  perhaps because of oxide s u r f a c e  f i lms  and i o n i c  i n -  
e r t i a  of t h e  Helmholtz e l e c t r i c a l  double l a y e r  and a s soc i a t ed  molecules a t  t he  
su r f ace s  of such p a r t i c l e s  [ 21. 

P a r t i c l e  d e n s i t y  does no t  a f f e c t  response un less  t he  p a r t i c l e  s u r f a c e  con- 
t a i n s  l a r g e  pores ,  P a r t i c l e  shape has l i t t l e  e f f e c t  on response;  t h e  d i s t o r t i o n  
of t h e  e l e c t r i c a l  f i e l d  i n  t h e  a p e r t u r e  probably conforms t o  t h e  genera l  s u r f a c e  
wi thout  fo l lowing  each s u r f a c e  i n d e n t a t i o n  o r  p ro t ru s ion  on t h e  p a r t i c l e .  

Within t h e  l i m i t s  of p a r t i c l e s  t h a t  a r e  l i k e l y  t o  be found i n  sediment sam- 
p l e s  t h e  shape, s t r u c t u r e ,  dens i t y ,  and r e s i s t i v i t y  of t h e  p a r t i c l e s  have l i t t l e  
e f f e c t  on t h e  r e l a t i o n  of p a r t i c l e  volume t o  e l e c t r i c a l  response.  Therefore ,  f o r  
ana ly se s  i n  a  given e l e c t r o l y t e  a t  a  n e a r l y  cons t an t  temperature,  and f o r  p a r t i -  
c l e s  w i t h  diameters  t h a t  do no t  exceed 40 percent  of t h e  a p e r t u r e  d iameter ,  t h e  
response,  A R  i s  p ropo r t i ona l  t o  p a r t i c l e  volume and 

Where K i s  a  cons t an t  t o  be e s t a b l i s h e d  by c a l i b r a t i o n  f o r  a given a p e r t u r e ,  
e l e c t r o l y t e ,  and temperature.  

12 . --If  an  e l e c t r i c a l  c u r r e n t  i s  passed through the  
a p e r t u r e ,  each change i n  r e s i s t a n c e ,  & R ,  w i l l  produce a  change hn v o l t a g e  ac ros s  
t h e  a p e r t u r e ,  thus :  

b E = G T A R  . . . . . . . . . . . . . . . . . . . . . . . . . . .  3) 
When 

B E  = vo l t age  change or m g n i t u d e  of vo l t age  pu lse  
G = gain  f a c t o r  i n  t h e  c i r c u i t  (determined from ga in  s e t t i n g )  
I = e l e c t r i c a l  c u r r e n t  through t h e  a p e r t u r e  (determined by t 3 e  

s e t t i n g  of t h e  ape r tu r e - cu r r en t  s e l e c t o r  d i a l ) .  

I f  Equations 2  and 3 a r e  combined and so lved  f o r  t h e  volume, V ,  of t h e  p a r t i -  
c l e  t h a t  causes t h e  vo l t age  pu l se  B E ,  

V = K h E /  (G I) . . . . . . . . . . . . . . . . . . . . . . . .  (4) 

Re l a t i ve  va lues  of G and I (based on t h e  d i a l  s e t t i n g s  of t h e  counter )  can 
be used i n  equa t ion  (4)  because t h e  c a l i b r a t i o n  cons tan t  K w i l l  t a k e  c a r e  of t he  
d i f f e r e n c e  between r e l a t i v e  and a b s o l u t e  va lues .  

13.  Threshold d i a l  and c i r cu i t - -The  pu l se  he igh t ,  A E ,  i s  t h e  record  of a 
s i n g l e  p a r t i c l e  passage,  t h a t  i s  d i sp l ayed  on t h e  o sc i l l o scope  and t h a t  i s  screew- 
ed and counted. !l%e th r e sho ld  c i r c u i t  provides t h e  s c a l e  by which pu l se  he igh t s  
a r e  screened.  The threshold  d i a l  i s  a r b i t r a r i l y  d iv ided  i n t o  equal u n i t s  from 6  
t o  106. A d i a l  s e t t i n g  e s t a b l i s h e s  a  s i l l ,  o r  m i n i m  pu l se  h e i g h t ,  t h a t  m s t  be 
exceeded i f  a  pu l s e  i s  t o  be counted. On t h e  o sc i l l o scope ,  pu lses  t h a t  a r e  belcw 
t h e  p u l s e  he ight  s e t  on t he  d i a l  a r e  shadwed  an8 those  t h a t  extend above t h a t  
he igh t  a r e  br ightened above t h e  r e f e r e n c e  l e v e l .  The t h r e sho ld -d i a l  s e t t i n g  can 
be used i n  Equation 4  i n  p l ace  of BE. Then V becmee  t h e  m i n i m  p a r t i c l e  volume 



2  2  Sec t ion  14 

t h a t  w i l l  be  counted f o r  t h i s  t h r e sho ld -d i a l  s e t t i n g  and f o r  s p e c i f i e d  ga in -d i a l  
and ape r tu r e - cu r r en t  d i a l  s e t t i n g s .  

14.  Gain s e t t i n g  and c i r cu i t - -The  pu l se  he igh t ,  AE, i s  extremely small  u n t i l  
i t  i s  amp l i f i ed .  Before i t  i s  d i sp layed  on t h e  o sc i l l o scope ,  o r  screened by t he  
t h r e sho ld -d i a l  s e t t i n g ,  t h e  pu l s e  passes  through an amplifying c i r c u i t  t h a t  has 
a n  a d j u s t a b l e  ga in .  The ga in  s e t t i n g  has  s i x  p o s i t i o n s .  I f  t h e  ga in  a t  t h e  f i r s t  

s e t t i n g  i s  given a  u n i t  va lue ,  then  success ive  s e t t i n g s ,  G ' ,  have ga in s ,  G ,  of 
1 .41 ,  2.00, 2.83, 4.00, and 5.67. The v a r i a b l e  ga in  permits  s c a l i n g  of a  much 
wider  range of R va lues  than would be p o s s i b l e  on a  th reshold  d i a l  having a  
s i n g l e  ga in  s e t t i n g .  

15.  Aperture-current  s e l e c t o r  d i a l  and c i r cu i t - -Ten  s e t t i n g s  a r e  provided f o r  
vary ing  t h e  e l e c t r i c a l  c u r r e n t  through t h e  a p e r t u r e  by changing t h e  e l e c t r i c a l  r e -  
s i s t a n c e  i n  s e r i e s  w i th  t h e  a p e r t u r e .  A t  t he  f i r s t  s e t t i n g  an e l e c t r i c a l  r e s i s t -  
ance of 25.6 megohms i s  placed i n  s e r i e s  w i th  t he  a p e r t u r e  r e s i s t a n c e ,  which i s  
u s u a l l y  l e s s  than  0 .1  percent  of t h a t  amount. A cons tan t  vo l t age  of 300 v o l t s  i s  
imposed on t h e  t o t a l  r e s i s t a n c e  t o  g ive  t h e  a p e r t u r e  c u r r e n t ,  I .  The r e l a t i v e l y  
minor change i n  t o t a l  r e s i s t a n c e  t h a t  i s  caused by t he  passage of a  p a r t i c l e  
through the  a p e r t u r e  i s  so  small  t h a t  t he  I cu r r en t  i s  no t  changed s i g n i f i c a n t l y .  
However, t he  vo l t age  pu l se ,  nR, whFch i s  measured ac ros s  t he  a p e r t u r e  on ly ,  i s  
s i g n i f i c a n t l y  changed by t he  passage of t h e  p a r t i c l e .  

A t  t h e  second s e t t i n g  f o r  t h e  ape r tu r e - cu r r en t  s e l e c t o r  d i a l  ( o r  more simply 
t he  I - c u r r e n t  d i a l ) ,  t h e  e l e c t r i c a l  r e s i s t a n c e  i n  s e r i e s  w i th  t he  a p e r t u r e  i s  12.8 
megohms and t he  I cu r r en t  i s  doubled. As long a s  t h e  r e s i s t a n c e  ac ros s  t h e  aper-  
t u r e  p lus  t h e  small f i xed  r e s i s t a n c e  i n  t h e  a p e r t u r e  c i r c u i t  i s  a  very  small  p a r t  
of t he  t o t a l  r e s i s t a n c e ,  each i n c r e a s e  i n  d i a l  s e t t i n g  c u t s  t h e  t o t a l  r e s i s t a n c e  
i n  ha l f  and doubles t h e  I c u r r e n t .  A t  t h e  higher  s e t t i n g s  t he  a p e r t u r e  r e s i s t a n c e  
becomes a  s i g n i f i c a n t  p a r t  of t h e  t o t a l  c i r c u i t  r e s i s t a n c e  and t he  change i s  no 
longer  p ropo r t i ona l .  (See Table A-4 i n  t h e  Appendix.) The t a b l e  i s  made up i n  
terms of a  s c a l e  f a c t o r ,  F ,  f o r  each I - c u r r e n t  d i a l  s e t t i n g  and t h e  s c a l e  f a c t o r s  
can be s u b s t i t u t e d  f o r  111 i n  Equation 4 .  

A t  a l l  bu t  t he  f i r s t  few s e t t i n g s  of t he  I - cu r r en t  d i a l  t h e  a p e r t u r e  r e s i s t -  
ance a f f e c t s  t he  I c u r r e n t .  Res i s tance  i s  measured d i r e c t l y  ac ros s  t he  a p e r t u r e  
by means of a  d-c vo l tmeter  (Appendix, Sec t i on  3 9 ) .  

16.  C a l i b r a t i o n  constants--Equat ion 4  i s  t h e  b a s i s  f o r  c a l i b r a t i ~ n  of t h e  
counter .  The equat ion can now be s t a t e d  a s  

V = kv T F/G = kv Se . . . . . . . . . . . . . . . . . . . . . . (5) 
When 

T = t h r e sho ld -d i a l  s e t t i n g  
F  = s c a l e  f a c t o r  corresponding t o  t he  I - cu r r en t  d i a l  s e t t i n g  
G = gain  s e t t i n g  r a t b o  (1.00,  l .41d 2.00, 2 . 8 3 ,  4.00, and 5.67 f o r  

s e t t i n g s  1 t o  6 r e s p e c t i v e l y )  
Sen T FIG o r  e l e c t r i c a l  s i z e  of the p a r t i c l e  
kv = a  c a l i b r a t i o n  cons tan t  f o r  r e l a t i n g  volume of p a r t i c l e  t o  Se 
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And d = kd '?/%G = kd . . .  

When d = diameter  of a  s p h e r i c a l  p a r t i c l e  o r  nominal diameter  of an 
i r r e g u l a r  p a r t i c l e  

kd = c a l i b r a t i o n  cons t an t  f o r  r e l a t i n g  nominal diameter  of t h e  
p a r t i c l e  t o  Se 

Then kv ' l-l k i  16 . . . . . . . . . . . . . . . . . . . . . . . . .  ( 7 )  

A cons tan t  f o r  r e l a t i n g  p a r t i c l e  s i z e  t o  e l e c t r i c a l  s i z e  a p p l i e s  on ly  t o  one 
a p e r t u r e  and one e l e c t r o l y t e  t h a t  i s  he ld  a t  a  nea r ly  cons t an t  temperature ( o r  
f o r  which tempera t u s e  c o r r e c t i o n  has been made). 

17.  Ca l ib r a t i on  w i th  uniform p a r t i c l e s - - I f  uniform p a r t i c l e s  (used i n  t h i s  
r e p o r t  t o  mean p a r t i c l e s  of l i m i t e d  s i z e  range) w i th  a  known mean s i z e  a s  de t e r -  
mined by microscope o r  by o t h e r  a c c u r a t e  means a r e  a v a i l a b l e ,  t h e  counter  may be 
c a l i b r a t e d  by d i r e c t  comparison. This  method i s  f a s t ,  s imple,  and a c c u r a t e .  The 
p a r t i c l e s  a r e  placed i n  suspension i n  a  concent ra t ion  s o  low t h a t  t h e  primary co- 
inc idence  e f f e c t  w i l l  be l e s s  than 2 percent .  (See Sec t ion  1 9 . )  P a r t i c l e  counts 
a r e  made repea ted ly  on t h i s  suspension.  Because t h e  p a r t i c l e s  a r e  n e a r l y  t h e  
same s i z e ,  t h e  pu lses  on t h e  o sc i l l o scope  w i l l  be  of n e a r l y  uniform h e i g h t .  The 
instrument  i s  ad ju s t ed  s o  t h a t  average pu l se  he ight  i s  between 10 and 30 on t h e  
th reshold  d i a l ;  ga in  s e t t i n g  i s  3 o r  4;  and ape r tu r e - cu r r en t  d i a l  s e t t i n g  i s  about 
2 .  The threshold  d i a l  read ing  t h a t  corresponds t o  t h e  average pu l se  he igh t  should 
be determined v i s u a l l y .  The threshold  d i a l  i s  then s e t  a t  112 t h e  average  pu lse  
he igh t  and s eve ra l  " f u l l "  counts ,  n f ,  a r e  taken t o  ob t a in  an  average n f .  Next t he  
th reshold  i s  s e t  a t  3 /2  t h e  average pu l se  he ight  and s e v e r a l  counts  a r e  taken t o  
e s t a b l i s h  an average "oversize" count ,  n  The median, o r  ha l f  count ,  nh, can be 

0 '  
computed from 

n h =  no + ( n f  - n o )  / 2  = ( nf + no ) 1 2  . . . . . . . . . . . .  (8) 
It i s  assumed, and t he  assumption can be proved by t e s t ,  t h a t  a  system of p a r t i -  
c l e s  of a  narrow s i z e  range has an approximately normal d i s t r i b u t i o n  of s i z e s .  
Therefore,  t h e  h a l f  count ,  nh, i s  t h e  number of l a r g e r  than average  s i z e  p a r t i -  
c l e s  i n  t h e  suspension. Then, i f  t h e  t h r e sho ld -d i a l  s e t t i n g ,  T, t h a t  g ives  t he  
h a l f  count of Equation 8 i s  found by t r i a l ,  t h e  average p a r t i c l e  d iameter ,  d,  
and t h e  instrument  s e t t i n g  f a c t o r s ,  T, F, and G ,  can be used t o  determine t h e  
c a l i b r a t i o n  cons tan t  kd i n  Equation 6 .  (See Appendix Sec t i on  40.) 

The method of c a l i b r a t i o n  based on uniform p a r t i c l e s  i s  i d e a l l y  s u i t e d  t o  
checking t he  r e l a t i v e  e f f e c t s  of instrument  s e t t i n g s .  The e l e c t r i c a l  s i z e ,  Se, 
should remain unchanged if :  (1)  T and G a r e  bo th  doubled, (2 )  T i s  doubled and F 
i s  reduced by h a l f ,  o r  ( 3 )  G and P a r e  bo th  doubled. I f  one v a r i a b l e  is he ld  
cons t an t  and t h e  o the r  two a r e  v a r i e d ,  t h e  p a r t i c l e  count w i l l  no t  remain t h e  same 
u n l e s s  t h e  two v a r i a b l e s  a r e  i n  c o r r e c t  r a t i o .  P a r t i c l e  counts  over  a  wide range 
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of v a r i a t i o n  of T and F were used t o  determine whether t h e  zero  of t h e  th reshold  
s c a l e  was a t .  t r u e  zero  and t o  a d j u s t  t o  t r u e  zero when necessary ,  S imi l a r l y ,  com- 
b i n a t i o n s  of T and G were used t o  a d j u s t  t h e  ga in  i n  our  counter  t o  more p r e c i s e  
r e l a t i o n s  of t he  ga in  s t e p s  than  those  i n  t h e  instrument  o r i g i n a l l y .  The ga in  ad- 
justments  r equ i r ed  an  a c t u a l  change i n  t h e  i nd iv idua l  e l e c t r i c a l  r e s i s t a n c e s  f o r  
each s e t t i n g  of t he  ga in  c i r c u i t .  

18.  C a l i b r a t i o n  w i t h  p a r t i c l e s  i n  known concentration--The counter  can a l s o  
be  c a l i b r a t e d  w i th  a  suspension having a known volume concen t r a t i on  of p a r t i c l e s  

[ 4 ] .  The p a r t i c l e s  should be f r e e  of pores  o r  excess ive  s u r f a c e  roughness and 
have diameters  between 2 and 40 percent  of t h e  diameter of t h e  a p e r t u r e .  The den- 
s i t y  of t h e  s o l i d  p a r t i c l e s  should be known a c c u r a t e l y  o r  determined c a r e f u l l y .  

The volume of p a r t i c l e s  V i n  t h e  metered volume of suspension w i l l  be  
P '  

vp = (vs/Vs) (W / p  ) . . . . . . . . . . . . . . . . . . . . . .  ( 9 )  
P P 

When 
vs = volume of t h e  suspension t h a t  i s  metered f o r  each count 
V = t o t a l  volume of suspension made up f o r  measurement 
W; = t o t a l  weight of p a r t i c l e s  i n  t he  t o t a l  suspension 

PP 
= d e n s i t y  of t h e  p a r t i c l e s  ( a c t u a l ,  no t  bu lk)  

A s i z e  a n a l y s i s  w i t h  t h e  counter  c o n s i s t s  of measurements of t h e  numbers of 
p a r t i c l e s  n I >  n22 n39 n4, nl: ; n t h a t  have e l e c t r i c a l  responses g r e a t e r  
than  S1, S2, S3, S4, S5, D . . . .  whxch a r e  a  s e r i e s  of e l e c t r i c a l - s i z e  s e t t i n g s  
t h a t  cover t h e  range of s i z e s  i n  t h e  sample. Let  Sa r ep re sen t  average  e l e c t r i c a l  
s i z e  of p a r t i c l e s  between two ad j acen t  s i z e  s e t t i n g s  and a n  r e p r e s e n t  t h e  d i f f e r -  
ence between counts  f o r  t h e  same two s e t t i n g s .  Then t h e  t o t a l  volume of p a r t i c l e s  
i s  p ropo r t i ona l  t o  t h e  summation of t h e  products  of a n  and Sa f o r  a l l  t h e  i n t e r -  
v a l s  between ad j acen t  s i z e  s e t t i n g s .  Thus, 

Because V i s  known from volume concentratxon and metered volume and Z ( A ~  Sa) san  
P 

be  ob ta ined  by a r i t h n e t i c  summation of t h e  da t a  from t h e  counter ,  t h e  r e l a t i o n ,  kd 
between e l e c t r i c a l  s i z e  and p a r t i c l e  diameter  can  be determined. This va lue  of kd 
should be t h e  same a s  t h a t  ob ta ined  from c a l i b r a t i o n  w i th  uniform p a r t i c l e s .  

Once t h e  count a t  a  d e f i n i t e  s i z e  l e v e l  has been e s t a b l i s h e d ,  t h e  sample f o r  
which t h e  volume concen t r a t i on  i s  known can be used t o  check d r i f t  i n  c a l i b r a t i o n  
o r  normal v a r i a t i o n s  i n  instrument  read ings .  However, i f  t h e  sample having a  
known volume concen t r a t i on  has a  wide range of s i z e s ,  t h e  change i n  count  w i l l  n o t  
be  s o  s e n s i t i v e  t o  changes i n  instrument  f a c t o r s  a s  f o r  a  more uniform sample of 
small  s i z e  range. Also, e r r o r s  from nonuniform d i s p e r s i o n  a r e  l a r g e r  i f  a  sample 
has  a  wide range of s i z e s .  

19. Coincidence e f fec t s - -Prev ious  d i s cus s ion  has shown t h e  e f f e c t  of a  

s i n g l e  p a r t i c l e  i n  t h e  a p e r t u r e  of t h e  counter .  P a r t i c l e  concen t r a t i on  i n  t h e  
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sample t o  be analyzed should be high enough t o  provide s t a t i s t i c a l l y  s i g n i f i c a n t  
numbers a t  t h e  c o a r s e s t  s i z e s  f o r  which t h e  d i s t r i b u t i o n  of s i z e s  i s  t o  be def in-  
ed. A s  concent ra t ion  of p a r t i c l e s  i s  increased ,  t h e  p r o b a b i l i t y  a l s o  increases  
t h a t  more than one p a r t i c l e  w i l l  be i n  t h e  sens ing  zone of t h e  a p e r t u r e  a t  one 
time. 

A study of t h e  e l e c t r i c a l  e f f e c t  of p a r t i c l e s  pass ing  through a small o r i f i c e  
was made by Mattern, Bracket t ,  and Olson [9]. They determined t h a t  f o r  an  aper- 
t u r e  having a diameter of 100 microns and a length  of 75 microns a  c r i t i c a l  volume, 
o r  sensing zone, about t h r e e  times t he  a p e r t u r e  volume e x i s t s  i n  which two o r  more 
p a r t i c l e s  w i l l  no t  produce ind iv idua l  impedance pulses .  F i g .  4 shows t h e  sensing 
zone of t h e  a p e r t u r e ;  some p a r t i c l e  combinations i n  t h e  zone, and t h e  r e s u l t i n g  
e l e c t r i c a l  pu l se s .  ltro p a r t i c l e s  of about t he  same s i z e ,  fol lowing each o the r  a t  
about t h e  l eng th  of t h e  sens ing  zone, r e g i s t e r  a s  a  s i n g l e  p a r t i c l e  of t h e  given 
s i z e .  I f  they fol low more c l o s e l y ,  they r e g i s t e r  a s  a  s i n g l e  p a r t i c l e  t h a t  is 
l a r g e r  than t h e  i nd iv idua l  p a r t i c l e  s i z e .  

The primary e f f e c t  of co inc ident  passages i s  a  l o s s  of count .  Mattern, 
Bracket t ,  and Olson showed t h a t  t h e  coincidence l o s s  followed t h e  Poisson d i s -  
t r i b u t i o n .  A secondary coincidence e f f e c t  i s  a  pos s ib l e ,  occas iona l  increase  of 
count of l a r g e  p a r t i c l e s .  However, t o  r e g i s t e r  a s  an  ove r s i ze  p a r t i c l e ,  two 
p a r t i c l e s  of nea r ly  t h e  same s i z e  must pass  through t h e  a p e r t u r e  very  c l o s e  to- 
ge ther .  The p r o b a b i l i t y  of such r e s t r i c t i v e  occurrences i s ,  t he re fo re ,  small .  

Coincidence e f f e c t  can be determined experimental ly 12, 91. A high con- 
c e n t r a t i o n  of p a r t i c l e s  i n  suspension can be analyzed, and success ive  d i l u t i o n s  
of t h e  same suspension can be run  u n t i l  t h e  concent ra t ion  i s  s o  low t h a t  co inc i -  
dence becomes n e g l i g i b l e .  The e r r o r  i n  t he  a n a l y s i s  f o r  a  high concent ra t ion  
can then be computed from t h e  dev ia t i on  from a s t r a i g h t - l i n e  ex tens ion  of t h e  
law-concentrat ion ana lyses .  The manufacturer of t h e  counter  obtained t h e  
fol lowing equat ion f o r  p, t h e  coincidence f a c t o r ,  

p  = 2.5 ( 0 / 1 0 0 ) ~  (50O/vm) . . . . . , . . . . . . . (11) 

= 1.25 ( ~ 1 1 0 )  3 / ~ m  
I n  which 

D = a p e r t u r e  d h m e t e r  i n  microns 

V m =  metered manometer volume i n  m i c r o l i t e r s  (u sua l ly  t h e  nominal 
metered volume i s  s u f f i c i e n t l y  accu ra t e )  

A count- loss  co r r ec t ion ,  n u ,  t o  t h e  observed count,  ii', can be computed a s  
n" = p ( ~ ' / 1 , 0 0 0 ) ~  . . . . . . . . . . . . . . . . . . . . . . . (12) 

The c o r r e c t i o n  t o  t h e  count checks t he  Poisson func t ion  wi th in  1 percent  up t o  a  
r a t i o  of count l o s s  t o  a c t u a l  count of 1:10. Equations 11 and 12 were based on 
counts  of uniform p a r t i c l e s ,  and c o r r e c t  only f o r  l o s s  of counts .  No adjustment 
has been developed t o  c o r r e c t  f o r  t h e  few oversized pulses  t h a t  may be caused by 
two p a r t i c l e s  of about  equal  s i z e  pass ing  through t h e  a p e r t u r e  very  c l o s e  toge ther .  

The l o s s  of count c o r r e c t i o n  f o r  a  range of a n a l y t i c a l  condi t ions  was com- 
puted from Equations 11 and 12. (See Table A - 3  i n  t h e  Appendix.) 
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I V .  TEST PROGRAM 

20. - -Prel iminary ana lyses  w i th  t h e  counter  were made t o  
g ive  t he  ope ra to r  experience w i th  t h e  equipment and t o  develop s k i l l  i n  i t s  use .  
Most ope ra to r s  r e q u i r e  s e v e r a l  days time t o  understand t h e  i n s t r u c t i o n s  t h a t  come 
wi th  t h e  counter ;  t o  l e a r n  haw t o  handle t he  equipment wi thout  t oo  many mistakes,  
and t o  become reasonably accu ra t e  and p r o f i c i e n t  i n  record ing  and computing t h e  
d a t a .  

21. --As soon a s  opera tor  
e r r o r s  had been minimized, a  s tudy  of o the r  pos s ib l e  e r r o r s  i n  t h e  a n a l y s i s  was 
begun, Severa l  sources of e r r o r s  were considered.  Many were i n c i d e n t a l  t o  un- 
f avo rab l e  ope ra t i on  o r  because of inadequate  maintenance of t h e  equipment. Most 
of t h e s e  were n o t  s u b j e c t  t o  q u a n t i t a t i v e  eva lua t ion  but  t h e i r  e f f e c t s  could be 
observed and procedures could be used t o  reduce them t o  n e g l i g i b l e  s i z e .  

a .  - may come from e l e c t r i c a l  swi tch ing ,  sudden 
v o l t a g e  changes, o r  bad c o n t a c t s .  The i n t e r f e r e n c e  may be i n  t h e  counter  o r  
may reach  t he  counter  i n  t h e  power supply o r  from r a d i a t i o n  by e x t e r n a l  sources .  

The counter  was f i r s t  s e t  up i n  a  p a r t  of t h e  l abo ra to ry  where i n t e r f e r e n c e  
was s o  bad t h e t  c o n s i s t e n t  ana lyses  were almost impossible  t o  ob t a in .  The counter  
was then moved t o  a  l o c a t i o n  remote from most o the r  e l e c t r i c a l  equipment. The 
power supply a t  t h e  second s i t e  was l e s s  v a r i a b l e  then a t  t he  f i r s t  s i t e  but  a  
cons t an t  v o l t a g e  t ransformer f o r  t he  power supply was d e s i r a b l e  even a t  t h e  second 
s i t e .  I f  a  s u i t a b l e  l o c a t i o n  f o r  t h e  counter  i s  not  a v a i l a b l e ,  t h e  equipment can 
be enclosed i n  a  grounded metal  s h i e l d ,  

b .  - may form i n  t h e  a p e r t u r e  tube.  A i r  i n  t h e  a p e r t u r e  tube de- 
s t r o y s  t h e  r e l a t i v e  i n c m p r e a s i b i l i t y  of t h e  systems end t he  metered volume of 
sample drawn i n t o  t h e  a p e r t u r e  dur ing  t h e  counting per iod  w i l l  no t  be exac t l y  
equal  t o  t h e  metered d i s p l a s a e n S  of t h e  mercury. A i r  bubbles on t he  inner  e l ec -  
t r ode  cause e l e c t r i c a l  n o i s e  pu l s e s  t h a t  m y  be counted. A i r  bubbles i n  t h e  sper -  
t u r e  tube can be e l imina ted  by d ra in ing  t he  tube and r e f i l l i n g  i t  wi th  e l e c t r o l y t e ,  
I f  a  d i s p e r s i n g  o r  w e t t i n g  agent  i 5  used i n  c l ean ing  t h e  i n s i d e  of t h e  a p e r t u r e  
tube,  bubbles  o r  grime a r e  l e s s  l i k e l y  t o  c l i n g  t o  t h e  tube .  

c .  - 9 ( > a  be- 
tween t h e  sample beaker and t h e  i n s i d e  of t he  a p e r t u r e  tube may cause r ap id  changes 
i n  a p e r t u r e  r e s i s t a n c e  and cause vo l t age  pu lses  t h a t  w i l l  Be counted. The i n s t r u -  
ment should be opera ted  i n  a  r e l a t i v e l y  cons t an t  room t m p e r a t u r e ,  end s e q l e e  and 
e l e c t r o l y t e  should be kept  a t  t h a t  t m p e r a t u r e  f o r  some time be fo re  a n a l y s i s .  

d .  - may cause a b n o r m l   count^ . Usually,  a p e r t u r e  plugging 
r e s u l t s  i n  p a r t i c l e  counts  or counting r e t e e  t h e t  a r e  s o  Ear o u t  of l i n e  wi th  
ad j acen t  counts  a s  t o  be obvioua%y i n c o r r e c t ,  A glswec through t h e  a p e r t u r e  
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microscope w i l l  r e v e a l  any plugging.  Genera l ly ,  t h e  a p e r t u r e  can be c l ea r ed  by 
opening t h e  s topcock l ead ing  t o  t he  a u x i l i a r y  f l u s h i n g  system. Sometimes t h e  ape r -  
t u r e  opening w i l l  r e q u i r e  rubbing o r  brush ing .  Any counts  made wh i l e  t h e  a p e r t u r e  
i s  plugged should be d i s regarded .  

The a p e r t u r e  may plug because p a r t i c l e s  a r e  no t  f u l l y  d i spe r sed ,  bu t  t h e  u sua l  
reason i s  t h a t  t h e  a p e r t u r e  i s  small  i n  r e l a t i o n  t o  t he  l a r g e s t  p a r t i c l e s  i n  t he  
sample. Occasional plugging from odd-shaped p a r t i c l e s  i s  t o  be expected,  bu t  f r e -  
quent plugging i n d i c a t e s  t h a t  a  l a r g e r  a p e r t u r e  should be used o r  some of t h e  
c o a r s e s t  p a r t i c l e s  should be  removed from t h e  sample be fo re  i t  i s  analyzed.  

e .  Impur i t i e s  such a s  organic  mat te r  i n  t h e  sample may des t roy  t h e  accuracy - 
of a n a l y s i s .  Also impur i t i e s  i n  t h e  mercury a t  t h e  volume-metering s e c t i o n  may 
upse t  t h e  volume accuracy.  Careful  c l ean ing  of t h e  equipment and of t he  a u x i l i a r y  
glassware and adequate  maintenance of t he  manometer w i l l  avoid most of t h e  e f f e c t s  
of contaminat ion.  

E. Nonuniform d i s p e r s i o n  i n  t he  sample beaker w i l l  obviously a f f e c t  t h e  - 
a n a l y s i s .  F ine  sediments and sediments of l o w  d e n s i t i e s  a r e  easy t o  d i s p e r s e  un i -  
formly w i t h  t he  s t i r r i n g  mechanism t h a t  i s  a n  i n t r i n s i c  p a r t  of t h e  counter .  
Sediment p a r t i c l e s  u s u a l l y  have a  s p e c i f i c  g r a v i t y  g r e a t e r  than  2 . 5 ,  and p a r t i c l e s  
over  100 microns i n  diameter  a r e  d i f f i c u l t  t o  main ta in  i n  suspension i n  t he  sample 
beaker .  The speed of t h e  s t i r r i n g  motor i s  a d j u s t a b l e ,  bu t  i f  i t  i s  too h igh  a i r  
bubbles may be drawn i n t o  t h e  sample and pass  through t h e  a p e r t u r e  t o  be counted 
and t o  accumulate i n  t h e  a p e r t u r e  tube.  I f  t h e  p a r t i c l e  count changes w i t h  a  
small  change i n  speed of t h e  a g i t a t o r  motor, t h e  d i s p e r s i o n  i s  probably not  un i -  
form. A r e l a t i v e l y  high s t i r r i n g  speed can be  used wh i l e  count ing  t h e  coa r se r  
p a r t i c l e s  and w h i l e  t he  sample covers  t h e  a p e r t u r e  t o  a  depth  of an inch  o r  more. 
Then t he  s t i r r i n g  speed can be reduced s l i g h t l y  when t h e  count ing  l e v e l  i s  lower 
and t he  sample does not  cover t he  a p e r t u r e  s o  deeply.  However, t h e  p a r t i c l e  count  
i s  supposed t o  i nc lude  t he  coa r se r  p a r t i c l e s  r ega rd l e s s  of t h e  counting l e v e l  and,  
even a  s l i g h t  depa r tu r e  from complete d i s p e r s i o n  i s  a l lowable  only a f t e r  t h e  t o t a l  
count becomes so  g r e a t  t h a t  t h e  number of t he  l a r g e r  p a r t i c l e s  i s  r e l a t i v e l y  ve ry  
sma l l .  

g. P a r t i c l e s  sometimes c o l l e c t  i n  t h e  a p e r t u r e  tube .  Most p a r t i c l e s  t h a t  
pass  through t h e  a p e r t u r e  a r e  c a r r i e d  ou t  of t h e  tube ,  bu t  some of t h e  l a r g e r  o r  
more dense p a r t i c l e s  may c o l l e c t  i n s i d e  t h e  a p e r t u r e  tube nea r  t h e  bottom. Some 
of these  p a r t i c l e s  may be drawn up i n t o  t h e  po r t i on  of t h e  e l e c t r i c a l l y  s e n s i t i v e  
zone j u s t  i n s i d e  t h e  a p e r t u r e  and be counted. I f  t h e s e  p a r t i c l e s  accumulate ex- 
c e s s i v e l y ,  t h e  ex t r a  counts  may become s i g n i f i c a n t .  Accumulation of p a r t i c l e s  may 
be  reduced by f l u s h i n g  w i th  t h e  a u x i l i a r y  f l u s h i n g  system, b u t  sometimes on ly  com- 
p l e t e  d r a in ing  and r e f i l l i n g  of t he  a p e r t u r e  tube  w i l l  e l im ina t e  t he  accumulat ion.  

h .  Some minor items of procedure and p o s s i b l e  sources  of i n c i d e n t a l  e r r o r s  - 
should a l s o  be  considered:  
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P a r t i c l e  counts  near  t he  lower l i m i t  of t h e  t h r e sho ld  s c a l e  should be  avoided 
o r  viewed w i t h  su sp i c ion  because t h e  background e l e c t r i c a l  n o i s e  may be g r e a t  
enough t o  c o n t r i b u t e  extraneous counts .  

A t  I - c u r r e n t  d i a l  s e t t i n g s  of 7 o r  8 and h ighe r ,  e r r a t i c  pu lses  may show on 
t h e  o s c i l l o s c o p e .  They may i n d i c a t e  overdr iv ing  of t h e  amplifying c i r c u i t  o r  ex- 
c e s s i v e  h e a t i n g  e f f e c t s  because of t he  l a r g e  cu r r en t  through the  a p e r t u r e .  

The volume of e l e c t r o l y t e  i n  t h e  sample beaker has no e f f e c t  on t he  r e s u l t s  
of ana lyses  un l e s s  t h e  e l e c t r o l y t e  l e v e l  drops c l o s e  t o  t h e  a p e r t u r e .  However, a  
ve ry  low l e v e l  combined w i th  i n t e n s e  s t i r r i n g  may permit  a i r  bubbles t o  e n t e r  t he  
a p e r t u r e .  

Sur face  roughness and po ros i t y  of t h e  p a r t i c l e s  probably i s  no t  a  s i g n i f i c a n t  
problem f o r  normal sediments .  However, i nden t a t i ons ,  wr ink l e s ,  and gross  p o r o s i t y  
a t  t h e  s u r f a c e  of p a r t i c l e s ,  such a s  found i n  t h e  corn  p o l l e n  used i n  some of t he  
c a l i b r a t i o n s ,  may have minor e f f e c t s .  P a r t i c l e s  w i th  i n t e r n a l  vo ids  r e g i s t e r  a s  
s o l i d  p a r t i c l e s .  

22 .  E r r o r s  i nhe ren t  i n  procedure--In c o n t r a s t  t o  t h e  i n c i d e n t a l  e r r o r s ,  
which a r e  gene ra l l y  smal l ,  avoidable ,  and hard- to-def ine  q u a n t i t a t i v e l y ,  o t h e r  
p o s s i b i l i t i e s  of e r r o r  a r e  inheren t  i n  t h e  procedure o r  equipment. Although inher-  
en t  e r r o r s  a r e  no t  e n t i r e l y  avoidable ,  t h e  d i f f e r e n t  sources  of t he se  e r r o r s  can 
u s u a l l y  be  i d e n t i f i e d .  Then t h e  e f f e c t s  of t he  e r r o r s  can be  reduced o r  e l imina ted  
by proper  procedure,  by instrument  adjustment ,  o r  by c a l i b r a t i o n  and c o r r e c t i o n .  
E r r o r s  i nhe ren t  i n  procedure a r e  d i scussed  i n  t he  remainder of t h i s  s e c t i o n .  

Excessive concen t r a t i on  of p a r t i c l e s  i n  t h e  sample i s  one source of inheren t  
e r r o r  i n  procedure.  Because a  concent ra t ion  t h a t  i s  excess ive  f o r  one a p e r t u r e  
and p a r t i c l e  s i z e  may no t  be excess ive  f o r  another  a p e r t u r e  and p a r t i c l e  s i z e ,  a r -  
b i t r a r y  l i m i t s  on a l lowable  concent ra t ions  a r e  no t  easy  t o  e s t a b l i s h .  The l a r g e s t  
e f f e c t  of concen t r a t i on  i s  probably t h e  coincidence e f f e c t  t h a t  was d i scussed  i n  
Sec t i on  19.  However, i f  p a r t i c l e  counts  a r e  very  h igh ,  t h e  count ing  r a t e  may be 
t oo  f a s t  f o r  t h e  instrument  t o  record  w i th  s a t i s f a c t o r y  accuracy.  The t o t a l  number 
of counts  f o r  a  given a p e r t u r e  and metered volume i s  probably t h e  b e s t  b a s i s  f o r  
determining t h e  co r r ec t i ons  t h a t  may be necessary .  

The manufacturer  of t h e  e l ec t ron i c - sens ing  counter  furn ished  Equations 11 and 
12 (p.  25) f o r  c o r r e c t i n g  t h e  p a r t i c l e  count f o r  l o s s  from t h e  e f f e c t  of primary 
co inc idence .  I f  t h i s  coincidence l o s s  i s  kept  below 10 percent  and i s  co r r ec t ed  
according t o  Appendix Table A-3, t h e  o the r  e f f e c t s  of high concent ra t ion  on count- 
i n g  of t h e  p a r t i c l e s  a r e  probably n e g l i g i b l e .  Sometimes, however, complete d i s -  
pe r s ion  of p a r t i c l e s  i n  t h e  sample i s  d i f f i c u l t  t o  ach ieve  a t  high concent ra t ion .  

Fo r tuna t e ly ,  t h e  concen t r a t i on  of p a r t i c l e s  i n  t h e  sample beaker can  b e  r e -  
duced by d i l u t i o n  w i t h  e l e c t r o l y t e .  Also,  t h e  minimum concen t r a t i on  i s  n o t  c lose-  
l y  r e l a t e d  t o  accuracy.  The main requirement i s  t h a t  s u f f i c i e n t  p a r t i c l e s  must be 
counted t o  be s t a t i s t i c a l l y  s i g n i f i c a n t .  
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At present (L964), the manufacturer's d a t a  and explanation o f  concentration 
e f f e c t s  are accepted as adequate. However, concentration e f f e c t s  might well  be in -  
vestigated fur ther .  

are a second source 
o f  inherent error.  The particle must be large enough re la t i ve  t o  the  aperture t o  
cause a measurable voltage pulse when the  part ic le  passes through the  aperture; i t  
must be small enough r e l a t i v e  t o  the aperture so that  the  relationship o f  r e s i s t -  
ance change t o  part ic le  volume i s  e ssen t ia l l y  l inear .  Equation l  indicates the 
basic re lat ionships .  According t o  general observation, the counter operates con- 
s i s t e n t l y  when the  particle diameter i s  from 2 t o  40 percent o f  the aperture d i a m -  
e t e r ,  which i s  the  approximate range suggested by the  manufacturer. Eventually, 
the  assumption o f  a linear relationship should be investigated c a r e f u l l y  for a 
range o f  part ic le  t o  aperture diameters. 

The range o f  particle s izes  that can be analyzed s a t i s f a c t o r i l y  depends on 
the aperture or apertures available,  or ,  i n  other words, the  apertures required 
depend on the  range o f  particle s izes  t o  be analyzed. If necessary, coarse parti-  
c l es  i n  a sample may be removed before  analys is .  The necess i ty  for maintaining a 
uniform d i s t r ibu t ion  o f  particles i n  the  sample beaker sometimes l i m i t s  the maxi- 
mum part ic le  s i z e  for analysis regardless o f  the  apertures available.  Hence, the  
upper l i m i t  o f  particle s i z e  may be determined partly by the r a t i o  o f  the  densi ty  
o f  the  part ic les  t o  the  density o f  the  e lec t ro ly te .  

Temperature e f f e c t s  may be s ign i f i can t  i f  operation i s  not res tr ic ted t o  a 
narrow temperature range. Changes i n  temperature o f  t h e  e lec t ro ly te  cause changes 
i n  the  resistance through the  aperture, and resultant changes i n  the re la t ion  o f  
part ic le  s i z e  t o  e lectr ical  response. 

Special t e s t s  were made t o  de f ine  the  e f f e c t  o f  temperature changes on the  
resistance through the  aperture. During the  t e s t s ,  a I-percent sodium chloride 
solution ( e l e c t r o l y t e )  flawed through a T Q - ,  a %SO-, or a 4QO-micron aperture. 

I n  t h e  f i r s t  t e s t s ,  the  voltage drop across the  aperture was measured wi th  a 
d-c voltmeter while the electronic-sensicg equipment was i n  the  usual operating 
s t a t e .  A nearly constant voltage was applied t o  the  aperture c i r c u i t ,  which in-  
cludes ( 1 )  the  resistance through the aperture and ( 2 )  t he  resistance selected 
by the aperture-current dial  se t t ing plus some additional f ixed resistance i n  the  
aperture c i r c u i t .  The observed voltage drop across the  aperture was used t o  com- 
pute the  aperture resistance (Appendix Section 3 9 ) .  The resistance selected by 
the  aperture-current dial  se t t ing  and the  f ixed resistance are grouped together 
i n  t h i s  report under the term "aperture series resistance" and should be d i s t i n -  
guished c a r e f u l l y  from the resistance through the  aperture or more simply the  
aperture res is tance.  In general, the  aperture resistance decreased as the tan- 
pesature increased. (See F i g .  5 . )  Some i r regu lar i t i e s  were caused b y  polarize- 
t i o n ,  l ine-vol  tage change, errors i n  vol tmeter readings, and s l igh t  ckbanges i n  
character is t ics  o f  the e lec t ro ly te .  The e f f e c t  o f  polarization was particularly 
large for  the  50-micron aperture. Hwever, percentage departures o f  individual 
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observa t ions  of a p e r t u r e  r e s i s t a n c e  from an  average r e l a t i o n  were no g r e a t e r  f o r  
t h i s  a p e r t u r e  than  f o r  t he  140- o r  400-micron a p e r t u r e  (Fig.  5) .  The vol tmeter  
measurements gave only a  genera l  idea of t h e  r e l a t i o n  between a p e r t u r e  r e s i s t a n c e  
and temperature of t h e  e l e c t r o l y t e .  

Addi t iona l  information on t h e  r e l a t i o n  of a p e r t u r e  r e s i s t a n c e  t o  temperature 
was obtained from measurements w i th  d-c b r idge  and a-c  impedance b r idge  c i r c u i t s  
w h i l e  e l e c t r o l y t e  was flowing through t h e  a p e r t u r e .  The a-c  impedance b r idge  
measurements of a p e r t u r e  r e s i s t a n c e  avoided p o l a r i t y  e f f e c t s  and seemed t o  be most 
c o n s i s t e n t .  The d-c b r idge  measurements of a p e r t u r e  r e s i s t a n c e  were somewhat i n -  
c o n s i s t e n t  among themselves bu t ,  i n  gene ra l ,  agreed roughly w i th  t h e  a-c  b r idge  
measurements. Both t he  d-c b r idge  measurements and t he  vo l tmeter  measurements 
i n d i c a t e d  somewhat g r e a t e r  a p e r t u r e  r e s i s t a n c e s  f o r  low a p e r t u r e  r e s i s t a n c e s  than 
d i d  t h e  a - c  b r idge  measurements. (See F i g .  5 . )  P a r t  of t h e  d i f f e r e n c e  may be 
caused by t h e  s l i g h t  p o t e n t i a l  t h a t  i s  genera ted  by t h e  b a t t e r y  a c t i o n  of t h e  
e l e c t r o l y t e .  

Because t h e  a - c  impedance b r idge  measurements were t h e  most c o n s i s t e n t  they 
were used t o  de f ine  r e l a t i o n s h i p s  between temperature and e l e c t r o l y t e  r e s i s t a n c e .  
A dec rea se  i n  r e s i s t a n c e  of 1 percent  f o r  a  1%. r i s e  i n  temperature was i n d i c a t e d  
f o r  t h e  range of normal room temperatures .  This ag ree s  w i th  da ta  obtained by 
o t h e r s  [ 2 ] .  

Equation 1 shows t h a t  t he  i nd i ca t ed  volume of a  p a r t i c l e  analyzed by t he  
counter  w i l l  change almost d i r e c t l y  a s  e l e c t r o l y t e  r e s i s t a n c e  changes. Therefore,  
a c c u r a t e  r e s u l t s  can be obtained only i f  ana ly se s  a r e  confined t o  a  narrow range 
of t empera tures ,  o r  i f  r e s u l t s  a r e  co r r ec t ed  f o r  temperature e f f e c t s .  One way of 
c o r r e c t i n g  would be by computations based on a  change of r e s i s t a n c e  of 1 percent  
per  degree change i n  temperature;  another  way would be t o  use  t h e  r e s u l t s  of 
instrument  c a l i b r a t i o n  (Sec t ion  25) .  

23. E r ro r s  inheren t  i n  equipment--For a  given a p e r t u r e ,  e l e c t r o l y t e ,  and 
temperature t h e  e l e c t r i c a l  s i z e  of a  p a r t i c l e  i s  determined from t h e  t h r e e  d i a l  
f a c t o r s  T, F ,  and G (Eq .  5 ) .  I f  p a r t i c l e s  of known s i z e  a r e  used each f a c t o r  
can be c a l i b r a t e d .  However, t he  amount c f  c a l i b r a t i o n  can be reduced by a d j u s t -  
i n g  t h e  d i a l  f a c t o r s  t o  conform t o  s imple  wel l -def ined  r e l a t i o n s h i p s .  

The t h r e sho ld  d i a l  w i th  i t s  c a l i b r a t i o n  i n  u n i t s  from 0  t o  100 was taken a s  
t he  b a s i c  s i z e  measure. The threshold  d i a l  c o n t r o l s  r h e o s t a t  r e s i s t a n c e  and 
should be l i n e a r .  L i n e a r i t y  was a l s o  checked by comparison t o  changes i n  ga in ,  
G ,  and a p e r t u r e  cu r r en t  f a c t o r ,  F. The zero t r i m  of t h e  th reshold  d i a l  may r e -  
q u i r e  occas iona l  adjustment  and should be checked every few months. 

. Zero t r i m  of t h e  th reshold  d i a l  was ad ju s t ed  by a  t r i a l - and -e r ro r  procedure. 
~irs"t ' ,  a  suspension of p a r t i c l w  having a  narrow range of s i z e s  was analyzed r e -  
pea t ed ly  f o r  a  cons tan t  ga in  s e t t i n g  and a  wide range of F values .  The threshold  
d i a l  was s e t  t o  g ive  about a  median count  f o r  t h e  f i r s t  I? va lues .  Then, t h e  
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t h r e sho ld  was ad ju s t ed  by t r i a l  and e r r o r  t o  g ive  t he  same p a r t i c l e  count f o r  
o t h e r  F va lues .  The product of F  and t h r e sho ld -d i a l  read ing  T, was n o t  a  cons t an t .  
A small  amount would have t o  be sub t r ac t ed  from each threshold  s e t t i n g  t o  keep t he  
product  cons t an t .  F i n a l l y ,  t h e  t h r e sho ld  zero  t r i m  was ad ju s t ed  s l i g h t l y  u n t i l  
counts  were about cons tan t  a t  t h r e sho ld -d i a l  read ings  t h a t  va r i ed  i n v e r s e l y  wi th  F .  

The ga in  r a t i o s  were supposed t o  i n c r e a s e  t h e  pu l s e  he ight  by a  r a t i o  of 1 .41  
t o  1 .00  f o r  each s t e p  i nc r ea se  i n  ga in  s e t t i n g .  I n s t ead ,  s l i g h t l y  d i f f e r e n t  ga in  
r a t i o s  were observed when s e r i e s  of t h r e sho ld -d i a l  read ings  were made a t  s eve ra l  
d i f f e r e n t  ga in  s e t t i n g s  and cons t an t  temperature and cons tan t  ape r tu r e - cu r r en t  
r ead ings .  Also,  t h e o r e t i c a l l y  equiva len t  combinations of ga in  s e t t i n g  and ape r tu r e -  
c u r r e n t  d i a l  s e t t i n g  sometimes gave app rec i ab ly  d i f f e r e n t  t h r e sho ld -d i a l  read ings  
f o r  a  given p a r t i c l e  count .  Hence, v a r i a b l e  r e s i s t a n c e s  were added t o  t h e  f i xed  
r e s i s t a n c e s  t h a t  o r i g i n a l l y  c o n t r o l l e d  t h e  r e l a t i v e  gains  i n  t he  ampl i fy ing  
c i r c u i t .  S e r i e s  of t h r e sho ld -d i a l  read ings  a t  each ga in  s e t t i n g  and a t  s e v e r a l  
c u r r e n t - s e l e c t o r  d i a l  readings were repea ted ,  and t h e  v a r i a b l e  r e s i s t a n c e s  were 
a d j u s t e d  by t r i a l - a n d - e r r o r  u n t i l  t h e  ga in  r a t i o  from one ga in  s e t t i n g  t o  another  
was e s s e n t i a l l y  cons tan t  a t  1 . 41 .  Improving t h e  accuracy of t he  ga in  r a t i o s  was 
n o t  a  s imple adjustment of t he  commercial ins t rument ;  i t  involved modi f ica t ion  of 
t h e  amplifying c i r c u i t .  

The ga in  r a t i o s  i n  t h e  commercial instrument  were probably a c c u r a t e  enough 
f o r  many use s .  However, i n  t h e  a n a l y s i s  of sediments,  t h e  l i m i t s  of u se  of an 
a p e r t u r e  a r e  o f t e n  s t r e t c h e d  a s  f a r  a s  pos s ib l e .  Hence, t he  ga in  s e t t i n g  i s  
changed much more f r equen t ly  f o r  sediment ana lyses  than  f o r  simply monitor ing 
t h e  p a r t i c l e  s i z e  o r  s i z e  l i m i t  i n  some commercial p rocess .  A s imple,  uniform 
g a i n  r a t i o  f a c i l i t a t e s  c a l i b r a t i o n  and t h e  computation of sediment-s ize ana ly se s .  

The F  va lues  furn ished  by t h e  manufacturer f o r  d i f f e r e n t  ape r tu r e s  and f o r  
d i f f e r e n t  I - cu r r en t  d i a l  read ings  (Table A-4 of t h e  Appendix) were checked a g a i n s t  
t h e  T  and G va lues .  Af t e r  t he  ga in  c i r c u i t  had been modified and t h e  zero  t r i m  of 
t h e  th reshold  d i a l  had been a d j u s t e d ,  a l l  t h r e e  were found t o  be i n  agreement.  
Agreement means t h a t  c a l i b r a t i o n  of e l e c t r i c a l  response i s  necessary on ly  a t  one 
va lue  of T, one of F, and one of G, because t he  r e l a t i o n  t o  a l l  o the r  va lues  of 
t h e  t h r e e  i s  knawn. Ca l ib r a t i on  (Sec t ion  25)  can be used a s  a  check on t h e  in -  
s t rument  adjustments ,  bu t  c a l i b r a t i o n  i s  much s impler  i f  t he  instrument  i s  i n  
proper  adjustment .  

The a c t u a l  volumes metered by t h e  manometer of t h e  counter  were checked fo r  
r e l a t i v e  s i z e  by repea ted ly  count ing  t h e  same p a r t i c l e  suspension f o r  each volume 
s e t t i n g .  According t o  average counts  of one of f i v e  s e t s  of t e s t s  (Table I ) ,  t he  
0.500- and t h e  0.0500-ml nominal voiumes were about 1 and 7 percent ,  r e s p e c t i v e l y ,  
t o o  l a r g e  a s  compared t o  t h e  2.000-ml nominal volume. (These percentages were 
averaged according t o  t h e  number of i nd iv idua l  de te rmina t ions . )  The percentages 
were confirmed by a d d i t i o n a l  p a r t i c l e  counts  t h a t  a r e  no t  l i s t e d  i n  Table 1. 
These a d d i t i o n a l  counts i nd i ca t ed  t h a t  t he  0.500-ml nominal volume was about  0.9 



TABLE 1 

PARTICLE - COUNT CHECKS OF RELATIVE MANOMETER VOLUMES 

[Blood c e l l s  th rough  a 140-micron a p e r t u r e ]  
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percent  (average of f i v e  s e t s  of t e s t s )  and t h e  0.0500-ml nominal volume was about 
8 pe rcen t  (average of two s e t s  of t e s t s )  too l a r g e  i f  t h e  2.000-ml volume i s  
c o r r e c t .  

The accuracy of t he  nominal metered volumes was a l s o  checked by weighing 
q u a n t i t i e s  of d i s t i l l e d  water  t h a t  were removed from t h e  sample beaker .  A rubber 
cover ing  was placed over t he  a p e r t u r e  so  t h a t  no water  could be drawn from t h e  
beaker  through t h e  ape r tu r e .  Then, a known weight  of d i s t i l l e d  water  a t  7 9 9 .  
(dens i t y ,  0.9968 g/ml) was placed i n  a beaker of known weight and t h e  mercury i n  
t h e  manometer was drawn t o  t h e  s t a r t  probe.  The rubber  covering over t h e  a p e r t u r e  
was moved a s i d e ,  and t h e  mercury was allowed t o  s iphon t h e  sample from t h e  beaker .  
When t h e  mercury su r f ace  reached t h e  s t o p  probe, t h e  a p e r t u r e  was covered quick ly  
t o  s t o p  t h e  flow through t h e  a p e r t u r e .  Thus, one volume of sample was removed 
from t h e  beaker .  Sometimes t h e  process  was repea ted  u n t i l  s eve ra l  volumes had 
been removed. The accumulated q u a n t i t y  of water  t h a t  was removed was determined 
by weighing t he  sample beaker and i t s  con t en t s  a f t e r  t he  withdrawals had been 
made. 

Average observed volumes were 2.0074, 0.5117, and 0.06773 m l  (Table 2 )  f o r  
t h e  nominal volumes of 2.0000, 0.5000, and 0.0500 m l ,  r e spec t i ve ly .  Thus, t he  
d i r e c t  measurement of q u a n t i t i e s  of sample withdrawn from t h e  beaker checked t he  
nominal volume of 2.0000 m l  w i th in  l e s s  than 1 pe rcen t ,  which i s  a l s o  t h e  assumed 
accuracy  of de te rmina t ion  f o r  t h i s  volume. 'The probable accuracy i s ,  of course ,  
much l e s s  f o r  t h e  smal le r  nominal volumes. Hence, t he  excess  of observed over 
nominal volumes of about 2 and 35 percent  f o r  Ehe nominal volumes of 0.5000 and 
0.0500 m l  probably a r e  no t  a s  good measures of a c t u a l  volumes a s  a r e  t h e  r a t i o s  
t h a t  were based on t he  p a r t i c l e  counts .  That i s ,  t h e  observed volumes confirm 
t h e  accuracy of t h e  nominal volume of 2.0000 m l ,  and t he  r a t i o s  of t h e  p a r t i c l e  
counts  a r e  reasonably good i n d i c a t i o n s  t h a t  t he  o t h e r  a c t u a l  volumes a r e  about 
0.505 m l  ( 1  percent  l a r g e r  than nominal) and about  0.0535 m l  (7 percent  l a r g e r  
than  nominal).  

An a d d i t i o n a l  approximate check of t h e  accuracy of t he  2.000-ml manometer 
volume can be based on comparison of c a l i b r a t i o n  cons t an t s  kd, which a r e  de t e r -  
mined from volume c a l i b r a t i o n  cons t an t s  kv ( s ee  Sec t i on  I $ ) ,  a g a i n s t  cons t an t s  
kd t h a t  a r e  determined d i r e c t l y  from p a r t i c l e s  of approximately uniform s i z e  
( s e e  Sec t i on  17 ) .  For known concen t r a t i ons ,  k i s  computed from kv, and both 

d 
kv and kd a r e  too  small i f  t h e  manometer volume i s  l a r g e r  than i t s  nominal s i z e ;  
t h a t  i s ,  i f  t h e  i n t e g r a t e d  sum of t h e  p a r t i c l e  v o l u m e ' ( ~ n  Sa)  i s  t oo  l a r g e .  How- 
eve r ,  kd computed from counts  w i th  p a r t i c l e s  of about uniform s i z e  i s  independent 
of manometer volume. Hence, t h e  approximate genera l  agreement (Table 3 ,  p .  40) 
between some kd va lues  determined from known concent ra t ions  and some average  kd 
va lues  from Fig .  6 (p ,  39) i n d i c a t e s  t h a t  t he  a c t u a l  volume i s  about equal  t o  t he  
nominal volume of 2.000-ml. 

Correc t ion  of nominal metered volumes i s  seldom necessary .  For s i z e  d i a t r i -  
b u t i o n  a n a l y s i s  no e r r o r  i s  introduced i f  t h e  a n a l y s i s  i s  i n  one nominal metered 
volume throughout .  Even i f  more than  one s i z e  of metered volume i s  used,  no e r r o r  
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r e s u l t s  i f  an over lap  i n  counts i s  used t o  e s t a b l i s h  a  count r a t i o  between t he  
metered volumes. However, t he  accuracy of a  concen t r a t i on  a n a l y s i s  depends 
d i r e c t l y  on t h e  accuracy of t h e  metered volume. I f  more than one s i z e  of metered 
volume i s  used and a count r a t i o  between volumes i s  e s t ab l i shed  by overlapping 
counts ,  on ly  t h e  f i r s t ,  o r  base ,  volume f o r  t he  a n a l y s i s  a f f e c t s  t he  accuracy of 
t he  concen t r a t i on  de te rmina t ion .  

TABLE 2 

CHECKS OF MANOMETER VOLUMES BY QUANTITIES OF DISTILLED WATER AT 7 9 ' ~  
[Density, 0.99681 g/ml] 
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24. Ca l ib r a t i on  mater ials--The instrument  adjustments  t h a t  have been d i s -  
cussed could be made w i th  almost any type of r e l a t i v e l y  s t a b l e  p a r t i c l e s  t h a t  
would pass  through a  given a p e r t u r e ,  because on ly  a  r e l a t i v e  l e v e l  of p a r t i c l e  
s i z e  was r equ i r ed .  I f  t h e  s p e c i f i c  g r a v i t y  of such p a r t i c l e s  i s  known, they  can 
be used a l s o  f o r  c a l i b r a t i o n  by t h e  known concent ra t ion  method. However, s p e c i a l  
m a t e r i a l s  of narrow p a r t i c l e - s i z e  range and known mean s i z e  f a c i l i t a t e  c a l i b r a t i o n .  
C a l i b r a t i o n  w i th  ma te r i a l s  of known s i z e  i s  a l s o  much more d i r e c t ,  and i t  i s  not 
dependent on such secondary f a c t o r s  a s  metered volume, s p e c i f i c  g r a v i t y ,  and un- 
c e r t a i n t i e s  i n  data  a n a l y s i s  and i n t e r p r e t a t i o n .  

CALIBRATION MATERIALS USED 

Mater ia l  

Glass  beads 
Corn po l l en  
Pecan pol len  
Glass  beads 
Ragweed pol len  
Polys tyrene  beads 
Polys tyrene  beads 

] Polys tyrene  beads 

Median s i z e ,  i n  microns 

From Appendix 

The g l a s s  beads a r e  s p h e r i c a l ,  smooth, and easy t o  ana lyze  w i th  t h e  micro- 
scope. Corn and pecan po l l ens  a r e  rougher ,  somewhat wrinkled and p i t t e d ,  and 
t h e i r  microscopic ana lyses  a r e  pos s ib ly  l e s s  accu ra t e .  Ragweed po l l en  i s  f a i r l y  
uniform but r a t h e r  small f o r  a n a l y s i s  w i th  our microscope. Because po l l ens  vary 
s l i g h t l y  depending on source ,  and because t h e  s i z e s  change s l i g h t l y  w i t h  e l e c t r o -  
l y t e ,  t ime of submergence i n  t h e  e l e c t r o l y t e ,  and perhaps w i th  o t h e r  cond i t i ons ,  
an average s i z e  was used f o r  each one. 

Samples of g l a s s  beads were obtained a s  fo l lows:  F i r s t ,  s e v e r a l  pounds of 
beads having a  r a t h e r  wide range of s i z e s  were washed thoroughly and s ieved .  One 
s i e v e  f r a c t i o n  was then f u r t h e r  separa ted  by l e t t i n g  t h e  beads s e t t l e  through a  
column of water .  E i t h e r  t he  middle h a l f  o r  t he  t h i r d  qua r t e r  from t h e  bottom of 
t h e  depos i ted  beads was r e t a i n e d  f o r  use  a s  a  c a l i b r a t i o n  m a t e r i a l .  The bead 
s i z e s  s o  obtained were a s  uniform a s  t h e  p o l l e n s ,  (See FPg. 8 p .  42 . )  

25. - -Bas i ca l l y ,  instrument  c a l i b r a t i o n  c o n s i s t s  of 
e s t a b l i s h i n g  a  r e l a t i o n s h i p ,  kv o r  kd, between p a r t i c l e  s i z e  and e l e c t r i c a l  r e -  
sponse f o r  a  given a p e r t u r e ,  e l e c t r o l y t e ,  and temperature.  (See Eq. 5 ,  6 ,  and 7 . )  
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Th i s  d i s cus s ion  i s  mainly i n  terms of kd because kd i s  t he  cons t an t  t h a t  e n t e r s  
d i r e c t l y  i n t o  t h e  usua l  computation of an  a n a l y s i s .  

F i g .  6  shows va lues  of kd f o r  a  1 -percent  sodium c h l o r i d e  s o l u t i o n  and f o r  
50-,  140-, and 400-micron a p e r t u r e s .  The va lues  a r e  p l o t t e d  t o  show temperature 
e f f e c t .  There i s  a  tendency toward c o n s i s t e n t  d i f f e r e n c e s  among t h e  kd va lues  
from d i f f e r e n t  c a l i b r a t i o n  m a t e r i a l s .  I n  t h e  400-micron a p e r t u r e ,  t h e  main ma- 
t e r i a l s  used were corn po l l en ,  pecan po l l en ,  and g l a s s  beads. Corn po l l en  gave 
h igh  kd va lues  and pecan po l l en  gave low v a l u e s .  I n  t he  140-micron a p e r t u r e ,  
ragweed po l l en  gave h igh  kd va lues  and pecan po l l en  gave low va lues  aga in .  I n  
t h e  50-micron a p e r t u r e ,  3.04-micron polys tyrene  beads gave average r e s u l t s  i n  
comparison w i th  1.88- and 1.30-micron polys tyrene  beads.  Glass beads seem t o  be 
a  good c a l i b r a t i o n  m a t e r i a l .  They a r e  smooth, nea r ly  s p h e r i c a l ,  and do no t  ex- 
pand o r  c o n t r a c t  w i th  mois ture  con t en t .  The kd va lues  p l o t t e d  on F ig .  6 were 
taken  over a  per iod  of nea r ly  two yea r s .  Values tended t o  run a  l i t t l e  h igh  o r  
low on c e r t a i n  days,  bu t  t h e r e  was no d e f i n i t e  t r end  w i th  time. 

Median s i z e s  of t h e  po lys tyrene  beads could no t  be determined w i th  a v a i l a b l e  
microscopes.  S i ze s  from microscopic a n a l y s i s  of t h e  po l l ens  d i d  no t  seem t o  i m -  
prove c a l i b r a t i o n  cons is tency  a s  compared w i th  s i z e s  given by t he  s u p p l i e r s .  

Apparently c a l i b r a t i o n  m a t e r i a l s  should be i n v e s t i g a t e d  f u r t h e r .  However, 
t h e  average  c a l i b r a t i o n s  a r e  probably a c c u r a t e  w i t h i n  5  percent  o r  l e s s  and con- 
s i s t e n t  w i t h i n  3  percent  o r  l e s s .  A t  7 5 ' ~  t h e  kd va lues  a r e  about  63.4, 16 .0 ,  
and 4.20 f o r  t h e  400-, 140-, and 50-micron a p e r t u r e s ,  r e s p e c t i v e l y ,  and t h e  
change i n  kd w i th  temperature averages about 0.45 percent  per  degree Fah renhe i t .  
The corresponding change i n  k, would be about 1 .35  percent  a s  compared w i th  a  
change i n  a p e r t u r e  r e s i s t a n c e  of about 1 .00 percent  per  degree Fahrenhe i t  
(Sec t i on  22) .  The d i f f e r e n c e  may i n d i c a t e  a  change i n  t he  e l e c t r i c a l  response 
of t h e  counter  c i r c u i t s  o r  i t  may mean a  l a ck  of p r e c i s e  de te rmina t ion .  

I f  a l l  ana lyses  i n  t h e  counter  a r e  run w i t h  a  1-percent  sodium c h l o r i d e  
e l e c t r o l y t e  and a t  a  n e a r l y  cons t an t  temperature,  a  s i n g l e  c a l i b r a t i o n  cons t an t  
can be  used f o r  a  given a p e r t u r e .  I f  temperature v a r i e s ,  t h e  c a l i b r a t i o n  cons t an t  
can  be co r r ec t ed  0.45 percent  per  degree Fahrenhe i t  o r  1.35 percent  per  degree 
Fahrenhe i t  f o r  kd and kv r e s p e c t i v e l y .  D i f f e r e n t  kd and < values  would be r e -  
qu i r ed  f o r  an e l e c t r o l y t e  w i th  a  r e s i s t i v i t y  d i f f e r e n t  from t h a t  f o r  a  1 -percent  
sodium ch lo r ide .  

C a l i b r a t i o n  cons t an t s  can a l s o  be ob ta ined  by t h e  known-concentration method 
of Sec t i on  18. Table 3  l i s t s  seven known-concentration va lues  of kd and t h e  aver -  
age  uniform-size c a l i b r a t i o n  va lues  of kd from F ig .  6  f o r  t h e  same a p e r t u r e  s i z e  
and temperature.  The known-concentration c a l i b r a t i o n s  were metered i n  t h e  l a r g e s t  
manometer volume, which was taken a s  2.000 m l .  The gene ra l l y  good agreement be- 
tween t he  kd va lues  from t h e  two types  of c a l i b r a t i o n  i n d i c a t e s  t h a t  t h e  2.000 m l  
volume i s  a t  l e a s t  approximately c o r r e c t .  



Sect ion  25 39 

Temperature,  O F  

8 :  140- M I C R O N  A P E R T U R E  

Temperature, O F  

C :  50- M I C R O N  A P E R T U R E  

x corn p o l l e n  @ 37.4~ g l a s s  beads 
A pecan p o l l e n  / 3.04~ polys tyrene  beads 
o ragweed p o l l e n  -g.. 1.88 p polys tyrene  beads 

v 1 . 3 0 ~  polys tyrene  beads 

FIG. 6--CALIBRATION CONSTANT 
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The da ta  from F ig .  6  f o r  t h e  400-micron a p e r t u r e  a r e  p l o t t e d  on F i g .  7 t o  
show how t h e  P values  can be checked by c a l i b r a t i o n .  From Equation 6, = 

dq-/ kd. I n  F ig .  7 ,  t h e  F  va lues  from d  kd f o r  s e v e r a l  I - c u r r e n t  
d i a l  s e t t i n g s  a r e  p l o t t e d  a g a i n s t  t h e  manufacturers  F  va lues  f o r  t h e  d i a l  s e t -  
t i n g .  The 45' l i n e  of p e r f e c t  agreement l i e s  very  c l o s e  t o  a l l  p l o t t e d  p o i n t s ,  
so  t h e  manufacturers  F  va lues  (Appendix Table A-42 were accepted a s  c o r r e c t .  

TABLE 3  

COMPARISON OF CONSTANTS kd FROM KNWN CONCENTRATION AND UNIFORM SIZE 

26.  - -Size d i s t r i b u t i o n s  of s e v e r a l  c a l -  
i b r a t i o n  m a t e r i a l s  t h a t  cover a  range of s i z e s  were determined w i th  t h e  counter  
from t h e  average c a l i b r a t i o n  va lues  of kd from Fig .  6 .  a The agreement between 
t he se  s i z e  d i s t r i b u t i o n s  and s i z e  d i s t r i b u t i o n s  determined from microscopic ana l -  
yses  was gene ra l l y  good (Fig.  8 ) .  The major d i f f e r e n c e  was a  genera l  displacement  
of t h e  comparative curves v e r t i c a l l y  and t h i s  d i f f e r e n c e ,  which i s  gene ra l l y  l e s s  
than 5%, would be almost e n t i r e l y  e l imina ted  i f  kd were determined immediately be- 
f o r e  each a n a l y s i s .  Thus, F ig .  8 i s  a  f u r t h e r  i n d i c a t i o n  t h a t  an average c a l i b r a -  
t i o n  f a c t o r  i s  reasonably good, bu t  no t  p r e c i s e ,  f o r  a  range of m a t e r i a l s  and over 
an extended pe r iod  of t ime. 

Aperture 
diameter 
(microns) 

400 
400 
400 

140 
140 
140 
140 

Temperature 

(9) 

68 
7 0  
7  2  

7  0  
74 
7  6  
7  8  

kd 

Known 
concent ra t ion  

67.9 
60.9 
62.1 

15.7 
15.4 
15 .5  
16.7 

Uniform s i z e  
(from F i g .  6) 

61.3 
62.0 
62.6 

15.6 
15 .8  
16 .1  
16.3 

1 



6 values supplied b y  manaefacturr 

( F  ir I-currrrr? d l a l  f a c t o r )  
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2 7 .  --The s i z e  a n a l y s i s  of sediment samples from 
streams involves some s t e p s  t h a t  u s u a l l y  a r e  no t  r equ i r ed  i n  t he  s i z e  a n a l y s i s  of 
a  c a l i b r a t i o n  m a t e r i a l .  The added s t e p s  a r e  necessary  because of t h e  wide range 
(1)  of conduc t iv i t y  of t he  wa te r s  i n  which sediment samples a r e  contained and (2)  
of p a r t i c l e  s i z e  of t h e  sediments .  

I f  much of t h e  s t ream water  of a  water-sediment mixture i s  p laced  i n  t he  sam- 
p l e  beaker ,  t h e  unknown conduc t iv i t y  of t he  stream water  n e c e s s i t a t e s  a  determi- 
n a t i o n  of t h e  a p e r t u r e  r e s i s t a n c e  f o r  each sample. Usual ly,  a  sma l l ,  represen ta -  
t i v e  f r a c t i o n  of t h e  mix ture  can be taken and added t o  t h e  1-percent  sodium 
c h l o r i d e  e l e c t r o l y t e .  The r e l a t i v e  amount of sample and e l e c t r o l y t e  should be 
such t h a t  t h e  concen t r a t i on  i n  t h e  sample beaker w i l l  be s a t i s f a c t o r y  f o r  t he  
f i r s t  few p a r t i c l e  counts .  

A sample may con t a in  some p a r t i c l e s  too  l a r g e  t o  pass ,  wi thout  plugging,  
through t h e  l a r g e s t  a p e r t u r e  t h a t  i s  t o  be used o r  t oo  l a r g e  t o  be  kept  i n  uniform 
suspension i n  t h e  sample beaker .  These l a r g e  p a r t i c l e s  can be removed by s i ev ing  
o r  by s e l e c t i v e  s e t t l i n g  through a  column of water .  

The wide range of p a r t i c l e  s i z e s  and t he  u s u a l l y  r ap id  i nc r ea se  of p a r t i c l e  
numbers w i t h  decreas ing  s i z e  may cause t h e  coincidence c o r r e c t i o n  (Sec t ion  19) t o  
exceed 10 percent  of t he  observed p a r t i c l e  count a t  some p a r t i c l e  s i z e s .  Whenever 
d i l u t i o n  of t he  sample i s  necessary  t o  avoid excess ive  coincidence,  overlapping 
counts  should be made a t  t h r e e  o r  more of t h e  same d i a l  s e t t i n g s  t o  e s t a b l i s h  the  
r e l a t i v e  p a r t i c l e  counts be fo re  and a f t e r  d i l u t i o n .  Of course ,  t he  r a t i o  could be 
determined from r e l a t i v e  volume of t h e  sample a f t e r  d i l u t i o n  t o  volume be fo re  d i -  
l u t i o n .  However, t h e  method of overlapping count i s  gene ra l l y  s impler  and more 
s a t i s f a c t o r y .  

The wide range of p a r t i c l e  s i z e s  gene ra l l y  r equ i r e s  use  of more than one 
a p e r t u r e  f o r  a s i z e  a n a l y s i s .  Whenever a  change i s  made from a  l a r g e  a p e r t u r e  t o  
a  smal le r  one, some of t h e  coa r se r  p a r t i c l e s  i n  t h e  sample may have t o  be removed 
by s i ev ing  o r  by s e l e c t i v e  s e t t l i n g  i n  a column of water  t o  avoid plugging of the  
smal le r  ape r tu r e .  Tf barge p a r t i c l e s  a r e  removed o r  t he  counting of t he  l a r g e  
p a r t i c l e s  i s  ques t ionable  f o r  t h e  smal le r  ape r tu r e ,  both t h e  sample t h a t  was used 
f o r  t he  l a r g e r  a p e r t u r e  and t h e  sample t h a t  i s  t o  be used f o r  t h e  smal le r  apes- 
t u r e  should each be run  a t  two o r  mare of t h e  same va lues  of S, ( =  T FIG) .  As an 
a l t e r n a t i v e ,  over lap  counts  can be made f o r  S, va lues  t h a t  a r e  no t  i d e n t i c a l  but 
t h a t  cover a  s a t i s f a c t o r y  range s o  t h a t  two curves of Se versus  p a r t i c l e  count can 
be  p l o t t e d  and an over lap  r e l a t i o n  Betexmined from t h e  curves .  Overlap va lues  of 
S, should be f o r  p a r t i c l e  s i z e s  t h a t  were too  small  t o  be removed, even i n  p a r t ,  
by t he  s i e v i n g  o r  t h e  s e l e c t i v e  s e t t l i n g .  Overlapping counts  a r e  necessary  t o  de- 
f i n e  a  r e l a t i o n s h i p  between t h e  numbers of p a r t i c l e s  w i t h i n  a  given s i z e  range f o r  
t h e  two samples. That i s ,  a  r a t i o  i s  needed between t he  d i f f e r e n c e  i n  p a r t i c l e  
count from one s i z e  t o  a  l a r g e r  s i z e  f o r  one sample and t he  d i f f e r e n c e  i n  p a r t i c l e  
count f o r  t h e  same s i z e  range and t h e  o the r  sample. The overlapping counts  must 
be a t  t h e  lower end o f l t h e  s i z e  range f o r  t he  l a r g e r  a p e r t u r e  r a t h e r  than a t  the  
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upper end of t h e  s i z e  range f o r  t h e  smal le r  a p e r t u r e  un l e s s  a l l  p a r t i c l e  s i z e s  of 
both samples pass  r e a d i l y  through t h e  smal le r  a p e r t u r e ,  

The lower l i m i t  of s i z e  a n a l y s i s  w i th  t h e  50-micron a p e r t u r e  i s  about  1 m i -  
c ron .  However, some sediments have an app rec i ab l e  volume of p a r t i c l e s  f i n e r  than 
1 micron. Also,  an a r b i t r a r y  lower l i m i t  f o r  a n a l y s i s  may be s e t  by judgment on 
t h e  assumption t h a t  t h e  volume of smal le r  sediment p a r t i c l e s  i s  a n  i n s i g n i f i c a n t  
p ropor t ion  of t h e  t o t a l  volume. The q u a n t i t a t i v e  e s t ima te  of t h e  volume of un- 
counted f i n e  sediment can be checked, a t  l e a s t  c rude ly ,  by a  g r aph i ca l  procedure 
t h a t  w i l l  be  d i scussed  l a t e r .  

Some p a r t i c l e s  may break down o r  d i s s o l v e  wh i l e  i n  t h e  e l e c t r o l y t e .  P o s s i b l e  
changes i n  s i z e  of t h e  p a r t i c l e s  can be checked r e a d i l y  by comparing p a r t i c l e  
counts  f o r  a  given e l e c t r o l y t e  and Se va lue  a t  t h e  beginning of t h e  a n a l y s i s  w i t h  
p a r t i c l e  counts  f o r  t he  same temperature and Se va lue  a t  t h e  end of t h e  a n a l y s i s  
of t h e  same sample. Correc t ions  t o  t h e  counts  must be  app l i ed  f o r  any d i l u t i o n  
of t h e  sample dur ing  a n a l y s i s .  

I n  gene ra l ,  t he  natural.  inorganic  sediments t h a t  have been analyzed showed 
no decrease  i n  s i z e  because of breaking down o r  d i s s o l v i n g  of t h e  p a r t i c l e s .  
Some coa l  p a r t i c l e s  d id  break down enough t o  g i v e  a  s l i g h t  i n c r e a s e  i n  count of 
p a r t i c l e s  a t  t h e  sma l l e s t  s i z e s .  The small amount of breaking of p a r t i c l e s  can 
be decreased by a g i t a t i n g  and s t i r r i n g  t h e  sample no more than necessary  t o  o b t a i n  
d i s c r e t e  p a r t i c l e s  uniformly suspended i n  t h e  sample beaker .  

Some stream samples con t a in  organic  ma t t e r  t h a t  should be removed p r i o r  t o  
a n a l y s i s .  (See Sec t ion  7 . )  

28, Repeatabi l i ty--Consecut ive counts  on a  p a r t i c u l a r  sample a t  t h e  same s e t -  
t i n g s  of t h e  ga in  d i a l ,  t h e  I - cu r r en t  d i a l ,  and t h e  th reshold  d i a l  u s u a l l y  check 
w i t h i n  a  very  few percent ,  e s p e c i a l l y  i f  each count inc ludes  s e v e r a l  thousand par -  
t i c l e s .  As counts decrease  t h e  percentage v a r i a t i o n  from count t o  count i nc r ea se s .  
It may be s e v e r a l  percent  a t  counts  of 500 p a r t i c l e s  o r  l e s s  (See Table 5 on p.  50 
and Table 6 on p .  56.) However, t h e  average of s e v e r a l  counts  of a  few hundred 
p a r t i c l e s  each should be reasonably  accu ra t e .  Of course,  a  uniform suspension of 
t h e  p a r t i c l e s  should be maintained i n  t h e  sample beaker .  

Repeated de te rmina t ions ,  w i t h  two a p e r t u r e s ,  of t h e  median s i z e  of a  sample 
of g l a s s  beads were c l o s e l y  c o n s i s t e n t  among themselves (Table 4) and checked t h e  
median s i z e  of 37.4 microns t h a t  was ob ta ined  by microscopic a n a l y s i s .  The kd 
va lues  used i n  t h e  ana lyses  were no t  a s  completely determined a s  those  of F i g .  6 ,  
Values from F i g .  6 g ive  diameters  f o r  t h e  400-micron a p e r t u r e  about  1 112 percent  
smal le r  and f o r  t h e  140-micron a p e r t u r e  about  1 112. percent  l a r g e r  than t h e  d i -  
ameters l i s t e d  i n  Table 4.  However, t h e  r e s u l t s  would be s l i g h t l y  more c o n s i s t e n t  
between ape r tu r e s  i f  they were computed f o r  va lues  of kd from F i g .  6 .  The excel-  
l e n t  agreement w i th  t h e  microscopic s i z e  was due p a r t l y  t o  chance because t h e  
c a l i b r a t i o n  cons t an t  i s  no t  known t o  an  accuracy of a  f r a c t i o n  of I pe rcen t .  The 
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repea ted  s i z e  de te rmina t ions  were based on one c a l i b r a t i o n  cons t an t  f o r  each aper-  
t u r e  s i z e .  They were made on t h e  same day by t h e  same ope ra to r  and w i th  t he  same 
e l e c t r o l y t e ,  and a t  about t he  same temperature. The median s i z e s  i n  Table 4  a r e  
f o r  a  sample w i t h  a  small  range of p a r t i c l e  s i z e s .  They i n d i c a t e  t he  r epea t ab i l -  
i t y  of instrument  read ings .  Computation t e c ~ n i q u e s  and i n a b i l i t y  t o  measure s i z e s  
smal le r  than one micron would make ana l -  es  ~f samples w i th  a  wider  range of s i z e s  
l e s s  a c c u r a t e l y  r epea t ab l e .  

TABLE 4 

CONSISTENCY O F  REPEATED DETERMINATIONS OF S I Z E S  O F  GLASS BEADS 

Average s i z e s  i n  microns : 
400-micron a p e r t u r e  37.8 
140-micron a p e r t u r e  36.9 
Both a p e r t u r e s  37.4  
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Apparently t h e  e l e c t r o n i c  components of t he  equipment a r e  s t a b l e .  Hence, 
s i z e  de te rmina t ions  gene ra l l y  can be repea ted  c o n s i s t e n t l y  provided t h a t  a  s tand-  
a r d  procedure i s  always followed i n  ana lyz ing  a  p a r t i c u l a r  sample and p a r t i c l e  
s i z e s  a r e  no t  l a r g e  enough t o  plug t h e  a p e r t u r e  o r  t o  prevent  uniform d i spe r s ion  
i n  t h e  sample beaker .  Some cons is tency  of repea ted  de te rmina t ions  obviously w i l l  
be l o s t  i f  t h e  procedure i s  va r i ed  from time t o  t ime o r  i f  l i m i t a t i o n s  of t h e  
equipment and i t s  c a l i b r a t i o n  a r e  not  recognized.  

29 .  Accuracy of ana lys i s - -Severa l  f a c t o r s  a f f e c t  t h e  accuracy of a n a l y s i s .  
P r epa ra t i on  of t h e  sample i n  terms of r ep re sen t a t i venes s  of t h e  pa ren t a l  m a t e r i a l ,  
removal of extraneous o r  contaminating subs tances ,  and d i s p e r s i o n  of t he  p a r t i c l e s  
a r e  important .  Carefu l  ope ra t i on  of t h e  equipment and a  cons t an t  watchfulness  
w i l l  d e t e c t  most malfunct ions o r  e l e c t r i c a l  i n t e r f e r e n c e ,  An occas iona l  glance 
a t  t h e  o s c i l l o s c o p e  should show abnormal e l e c t r i c a l  i n t e r f e r e n c e  o r  e r r a t i c  apera-  
t i o n .  Condit ions a t  t h e  a p e r t u r e ,  e s p e c i a l l y  plugging,  can be  observed through 
t h e  microscope, Quest ionable p a r t i c l e  counts  should be noted and repea ted .  

The s t a t i s t i c a l  accuracy of p a r t i c l e  counts  i s  g e n e r a l l y  good when many par-  
t i c l e s  a r e  counted.  However, one p a r t i c l e  100 microns i n  diameter  i s  t h e  equiv- 
a l e n t  of 1,000 p a r t i c l e s  10 microns i n  diameter .  A s u f f i c i e n t  number of l a r g e  
p a r t i c l e s  must be  counted t o  determine t h e  r e l a t i v e  volume of t h e  coa r se r  par-  
t i c l e s .  

P a r t i c l e  c h a r a c t e r i s t i c s  such a s  shape, roughness, r e f r a c t i v e  index,  d e n s i t y ,  
and e l e c t r i c a l  conduc t iv i t y  have l i t t l e  o r  no e f f e c t  on t h e  accuracy of a n a l y s i s .  
Or i en t a t i on  w i t h i n  t h e  a p e r t u r e  probably has no measurable e f f e c t  f o r  sediment 
p a r t i c l e s .  

Adequacy of t h e  c a l i b r a t i o n  c o e f f i c i e n t  i s  perhaps t h e  most important  f a c t o r  
i n  accuracy of an  a n a l y s i s .  A c a l i b r a t i o n  f a c t o r  t h a t  has been determined f o r  a  
given a p e r t u r e ,  e l e c t r o l y t e ,  and temperature i s  good only f o r  t h a t  combination of 
b a s i c  f a c t o r s .  It mst no t  be used i nadve r t en t l y  and wi thout  c o r r e c t i o n  f o r  an- 
o t h e r  a p e r t u r e ,  f o r  an e l e c t r o l y t e  of a  d i f f e r e n t  r e s i s t i v i t y ,  o r  f o r  a  tempera- 
t u r e  m c h  d i f f e r e n t  than t h a t  f o r  which i t  a p p l i e s .  Although an accu ra t e  d e t e r -  
minat ion of a p e r t u r e  r e s i s t a n c e  might be used t o  c o r r e c t  t h e  c a l i b r a t i o n  f o r  
changes i n  e l e c t r o l y t e ,  t h e  d-c vo l tmeter  determina t i o n s  (Appendix Sec t ion  39) 
do not  seem s u f f i c i e n t l y  accu ra t e  f o r  t h a t  purpose. I f  a  s tandard  c a l i b r a t i o n  
f a c t o r  i s  t o  be  used ,  t h e  e l e c t r o l y t e  should be very  c a r e f u l l y  prepared and tem- 
a t u r e  c o r r e c t i o n s  should be made when necessary .  

Unfor tuna te ly  t h e  abso lu t e  accuracy of a  complete a n a l y s i s  of a  normal s e d i -  
ment sample was n o t  e s t ab l i shed  d i r e c t l y  because no p a r t i c l e  d i s t r i b u t i o n  of com- 
p l e t e l y  known% s i z e  and s i z e  d i s t r i b u t i o n  was a v a i l a b l e  a g a i n s t  which t o  check t h e  
ana ly se s .  The c a l i b r a t i o n  procedure and a n a l y s i s  of c a l i b r a t i o n  ma te r i a l s  estab-  
l i s h e d  accuracy of a n a l y s i s  a t  c e r t a i n  speckf ic  p a r t i c l e  s i z e s ,  spread over a  wide 
range of s i z e s .  Hence, a  sediment a n a l y s i s  i n  a  s i n g l e  s i z e  of a p e r t u r e  tube ax- 
most c e r t a i n l y  w i l l  be  reasonably a c c u r a t e  except o u t s i d e ,  a t ,  o r  near ,  t h e  s i z e  
l i m i t s  f o r  a n a l y s i s  i n  t h e  a p e r t u r e .  Hmever ,  t h e  procedure f o r  combining da ta  



from two o r  more a p e r t u r e s  may in t roduce  s i g n i f i c a n t  e r r o r s  i n  t h e  combined 
a n a l y s i s .  

S i x  d u p l i c a t e  samples of f u l l e r ' s  e a r t h  were analyzed t o  determine cons is ten-  
cy of a n a l y s i s  over  a  wide range of p a r t i c l e  s i z e s  and combination of a p e r t u r e s .  
The p a r t i c l e  s i z e s  i n  t h e  samples ranged from l e s s  than  l t o  more than LOO microns. 
The 400-, 140-, and 50-micron a p e r t u r e  tubes were a l l  r equ i r ed .  

A one-gal lon master  sample of 30,000 ppm ( p a r t s  per  m i l l i o n )  of f u l l e r ' s  
e a r t h  i n  e l e c t r o l y t e  was made up. About t e n  drops of T r i t o n  X-100 were added 
f o r  a  d i s p e r s a n t .  The 400-micron a p e r t u r e  was used f i r s t .  The master  sample was 
mixed thoroughly,  and a  p i p e t t e  sample was immediately withdrawn f o r  a n a l y s i s .  
P i p e t t e  samples f o r  a n a l y s i s  i n  t h e  140-micron a p e r t u r e  were withdrawn a t  a  depth 
of 5  cm from t h e  s u r f a c e  and 1 minute a f t e r  s t i r r i n g  of t h e  master  sample ceased. 
P i p e t t e  samples f o r  a n a l y s i s  i n  t h e  50-micron a p e r t u r e  were withdrawn a t  a  depth 
of 5  cen t ime te r s  and 6 minutes a f t e r  s t i r r i n g  ceased.  Most of t he  50-micron 
p a r t i c l e s ,  but: few of t he  20-micron and smal le r  p a r t i c l e s ,  were removed from the  
sample f o r  a n a l y s i s  i n  t h e  140-micron a p e r t u r e .  Most of t h e  20-micron, bu t  few 
of t h e  lo-micron o r  smal le r  p a r t i c l e s ,  were removed from t h e  sample f o r  a n a l y s i s  
i n  t h e  50-micron ape r tu r e .  These samples d i d  no t  p lug  t h e  a p e r t u r e s  and t h e  un- 
d i s t u rbed  s i z e  d i s t r i b u t i o n  analyzed i n  each a p e r t u r e  provided a  good over lap  w i th  
counts  i n  t h e  next  l a r g e r  a p e r t u r e .  

The computed s i z e  d i s t r i b u t i o n s  f o r  t h e  s i x  samples were reasonably c o n s i s t -  
e n t ,  The median diameters  f o r  t h e  s i x  ana lyses  ranged from 20.6 t o  2 3 - 4  microns 
and t h r e e  of t h e  s i x  were between 21 and 22 microns. Minor d i f f e r e n c e s  between 
ana lyses  could o f t e n  be t r aced  t o  an  obvious source  such a s  i n s u f f i c i e n t  over lap  
i n  read ings  be fo re  and a f t e r  d i l u t i o n ,  o r  f a i l u r e  t o  count a  s u f f i c i e n t  number of 
p a r t i c l e s  t o  provide an  accu ra t e  average count a t  some s i z e s .  The ana lyses  were 
run  by two r a t h e r  inexperienced ope ra to r s .  No c o n s i s t e n t  d i f f e r e n c e s  could be 
seen between t h e i r  r e s u l t s .  Although b e t t e r  cons is tency  of a n a l y s i s  could be 
ob ta ined  by more c a r e f u l  ope ra t i on  and experienced Opera tors ,  t he  da ta  of F i g .  9 
probably r e p r e s e n t  t h e  accuracy t o  be expected from r o u t i n e  a n a l y s i s .  





V .  COMPUTATION OF SIZE AND CONCENTRATION 

30. Basic  da ta  required--Before p a r t i c l e  counts  a r e  taken f o r  an a n a l y s i s ,  
t he  equipment must be s e t  up proper ly  and ad ju s t ed .  Pre l iminary  data  on tempera- 
t u r e ,  c a l i b r a t i o n  cons t an t s ,  and a p e r t u r e  r e s i s t a n c e  must be obtained.  Tempera- 
t u r e  of t h e  room i n  which t h e  equipment i s  opera ted  should be f a i r l y  cons t an t  and 
t h e  e l e c t r o l y t e  and sample should be a t  room temperature.  The c a l i b r a t i o n  cons tan t  
(Sec t ion  25) may have been determined prev ious ly  o r  may be determined j u s t  before  
a n a l y s i s .  C a l i b r a t i o n  cons tan ts  should be checked occas iona l l y .  The g a i n  t r i m  i n  
t h e  instrument  may be used t o  b r i n g  t h e  instrument  back t o  a  previous c a l i b r a t i o n  
i f  d r i f t  i n  c a l i b r a t i o n  occurs .  I f  t h e  same e l e c t r o l y t e  i s  used r epea t ed ly  and 
only  a  ve ry  small  sample of water-sediment mixture i s  used,  t he  r e s i s t a n c e  through 
an a p e r t u r e  should not  change except  w i th  temperature,  and r e s i s t a n c e  need be 
checked only  occas iona l l y .  

A f t e r  t h e  a p e r t u r e  and t h e  manometer volume a r e  chosen f o r  an  a n a l y s i s ,  they 
a r e  recorded and a  coincidence f a c t o r ,  p,  i s  computed from Equation 11 on page 25. 

P a r t i c l e  counts a r e  taken a t  s eve ra l  s i z e  l e v e l s  t o  ob t a in  a  count of p a r t l -  
c l e s  coa r se r  than each s i z e  l e v e l .  (See Sec t ion  8 . )  

31. Recording and computing data--A method of da t a  record ing  f o r  an a n a l y s i s  
i n  a  s i n g l e  a p e r t u r e  i s  i l l u s t r a t e d  i n  Table 5. Data on t h e  sample and instrument  
f a c t o r s  a r e  recorded a t  t h e  top. Values Fl t o  F10 a r e  taken from Table A-4 i n  t h e  
appendix and correspond t o  I - cu r r en t  d i a l  s e t t i n g s  of 1 t o  10,  r e s p e c t i v e l y .  

The f i r s t  t h r e e  columns from t h e  l e f t  s i d e  of t h e  t a b l e  con t a in  t h e  ga in  s e t -  
t i n g ,  G I ,  (and t h e  corresponding ga in  va lue ,  G) ; t h e  t h r e sho ld  d i a l  s e t t i n g ,  T; 
and t h e  I - c u r r e n t  d i a l  s e t t i n g ,  I. 

P a r t i c l e  counts  a t  t he  var ious  combinations of G ,  T, and I s e t t i n g s  a r e  r e -  
corded i n  t h e  next  s eve ra l  columns. An average count f o r  each combination i s  r e -  
corded a s  i l l  . The coincidence count adjustment i s  computed from p and Equation 12 
on page 25, and en t e r ed  i n  column n". Column n (n2 a f t e r  d i l u t i o n )  i s  t h e  average 
count of column ii ' ,  co r r ec t ed  by a d d i t i o n  of va lues  i n  column n". Column C i s  f o r  
background-count c o r r e c t i o n s ,  f o r  c o r r e c t i o n  r a t i o s  n/n2 of counts  be fo re  and a f t -  
e r  d i l u t i o n ,  and f o r  n2 counts  t h a t  were co r r ec t ed  because of sample d i l u t i o n  (see 
t h e  fo l lowing  s e c t i o n  a l s o ) .  The FIG column con ta in s  t h e  b a s i c  va lues  of F l  t o  F10 
t h a t  correspond t o  t h e  I - cu r r en t  d i a l  s e t t i n g ,  d iv ided  by t h e  va lue  of t h e  ga in  
s e t t i n g ,  which i s  1 .00 ,  1 .41,  2.00, 2.83, 4.00, o r  5.66 f o r  t h e  1 t o  6 s e t t i n g s  
r e s p e c t i v e l y .  Column Se i s  t h e  product  of columns T and.F/G. 

The cube r o o t  of Se i s  mu l t i p l i ed  by kd, t o  ob t a in  t he  p a r t i c l e  d iameter ,  i n  
microns, shown i n  column d .  The a n a l y s i s  a t  t h i s  po in t  shows number of p a r t i c l e s  
l a r g e r  than  t h e  s i z e s  t abu l a t ed ,  and f o r  some purposes such an a n a l y s i s  i s  s u f f i -  
c i e n t .  
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m e  l a s t  s i x  columns s h w  computation of s i n e  d i s t r i b u t i o n  by volume, An  i s  

change i n  counts  between ad j acen t  s i z e s ,  Se. ge i s  t h e  average of t he  ad j acen t  
s i z e s .  The product  of An and 5, i s  t h e  average r e l a t i v e  volume of p a r t i c l e s  i n  
t h e  s i z e  i n t e r v a l .  E ( A ~ )  Se is  t h e  cumulative t o t a l  of t h e  r e l a t i v e  volumes. 
The column headed "Coarser,  % vo l . "  con t a in s  t h e  percentage  by volume coa r se r  
than  t h e  diameters  of column d. It i s  found by d i v i d i n g  t h e  cumulative va lues  
of Z ( A ~ )  9 ,  by t h e  t o t a l  f o r  t h e  column, The u se  of t h e  f i n a l  column and t h e  
a n a l y s i s  of di la i ted samples a r e  d i scussed  in t h e  fo l lawing  s ec t i on .  

32. - - In  many ana lyses  t h e  p a r t i c l e  
count i s  n o t ,  o r  cannot ,  be c a r r i e d  t o  small  enough s i z e s  t o  cover t h e  e n t i r e  
p a r t i c l e  s i z e  d i s t r i b u t i o n .  That  i s ,  t h e  t o t a l  of t h e  c u m l a t i v e  volumes of t he  
E(sn)  Se column of Table 5 i s  perhaps 90 o r  95 percent  of t he  t r u e  t o t a l  f o r  a  
complete a n a l y s i s .  Visual  i n spec t i on  of t h e  An Se va lues  i n  Table 5  w i l l  show 
whether o r  no t  they a r e  approaching zero ,  

I f  t h e  percentages coa r se r  than t h e  pa r t i c l e -d i ame te r  s t e p s  of Table 5 a r e  

p l o t t e d  on l og -p robab i l i t y  paper a s  i n  P ig .  10, t h e  p l o t  w i l l  be a  s t r a i g h t  l i n e  
i f  t h e  sediment has  a  log-normal s i z e  d i s t r i b u t i o n .  Because mast sediments ap- 
proach a  log-normal d i s t r i b u t i o n ,  any ab rup t  F l a t t e n i n g  i n  t he  r e l a t i o n s h i p  a t  
t h e  f i n e  p a r t i c l e  s i z e s  u s u a l l y  i n d i c a t e s  an  incomplete a n a l y s i s .  The t o t a l  cu- 
mula t ive  volume from Table 5 may then be increased  and nm7 percentages based on 
t h e  l a r g e r  t o t a l  may be cmpu ted  and p l o t t e d .  By t r i a l  and e r r o r  a  d i s t r i b u t i o n  
can b e  ob ta ined  t h a t  w i l l  s t r a i g h t e n  t h e  f i n e - p a r t i c l e  end of t h e  l og -p robab i l i t y  
curve ,  and t h a t  d i s t s i b u t i a n  may be used a s  t h e  proper  a n a l y s i s  of t h e  sample on 
t h e  assumption t h a t  t h e  d i s t r i b u t i o n  i s  a t  l e a s t  approximately l o g  normals I n  
t h e  da t a  used f o r  Table 5 and P ig .  10,  t he  t o t a l  of t h e  E(&n) Se column i s  4,577. 
Percentages  by volume were computed and p l o t t e d  on P i g .  10 u s ing  t o t a l  volumes 
of 4,577, 4,900, and 5,000. The 4,900 t o t a l  g ives  t h e  s t r a i g h t e s t  l i n e  a t  t he  
lower end on P i g ,  10.  The vol.ume percentages based on t h e  4,900 t o t a l  a r e  r e -  
corded i n  t h e  Last column of Table 5 a s  t h e  s i z e  d i s t r i b u t i o n  f o r  t he  sample. 

If concent ra t ion  i n  t he  sample ta be analyzed i s  s u f f i c i e n t  t a  p rovide  
s t a t i s t i c a l l y  s i g n i f i c a n t  counts ,  t h e  coincidence e f f e c t  may become excess ive  
(LO percent  o r  more) a t  s m a l l - p a r t i c l e  volume s e t t i n g s .  m e  sample should then 
be  d i l u t e d ,  Af t e r  d i l u t i o n ,  Counts of t h e  d i l u t e d  sample should be r epea t ed  a t  
two 6 s  fou r  of t h e  s i z e s  a l r eady  counted,  The r a t i o  of o ld  counts  t o  new can be 
determined d i r e c t l y  from t h e  w e r l a p p i n g  da t a  and. used s e  a, m u l t i p l i e r  t o  change 
a l l  d i l u t e d  sample counts  t o  t h e  b a s i s  of t h e  o r i g i n a l  sample concen t r a t i on ,  

Table 5 s h m s  the  a n a l y s i s  o f  a  sample t h a t  was d i l u t e d ,  h e s l a p p i n g  counta 
were taken,  and counts a f t e r  dfl%ution were r e l a t e d  t o  those  be fo re  d i l u t i o n .  The 
average  r a t i o  a f  counts  be fo re  and a f t e r  d i l u t i o n  was 2.19. Counts a f t e r  d i l u t i o n  
were m u l t i p l i e d  by 2.19 t o  ob t a in  counts  on t he  b a s i s  of t h e  concent ra t ion  o f  sed i -  
ment i n  t h e  sample on which t h e  a m l y ~ i s  was begun.  
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When an a n a l y s i s  i s  made i n  more than  one a p e r t u r e ,  t h e  p a r t i c l e - s i z e  s t e p s  
of one a p e r t u r e  must be  r e l a t e d  t o  t hose  of o t h e r  a p e r t u r e s .  The Se va lue  of one 
a p e r t u r e  can be converted t o  t h e  b a s i s  of a  second a p e r t u r e  from t h e  cube of t h e  
r a t i o s  of t h e  kd va lues  f o r  each a p e r t u r e .  Perhaps a  b e t t e r  method i s  t o  use  t h e  
d3 va lues  f o r  each s i z e  s t e p  i n  p l ace  of Se of Table 5. The s p h e r i c a l  volume 
ad3/6 could be used i n  p l a c e  of S, i f  de s i r ed .  

Af t e r  t h e  s i z e  s t e p s  a r e  c o r r e l a t e d  from one a p e r t u r e  t o  ano the r ,  a  d i l u t i o n  
o r  change i n  sample concent ra t ion ,  o r  a  change i n  metered volume, can be handled 
a s  a  s imple d i l u t i o n  and t h e  r a t i o  of overlapped counts  from one cond i t i on  t o  an- 
o the r  can be  used t o  r e l a t e  t h e  counts  f o r  t h e  second cond i t i on  t o  t hose  of t h e  
o r i g i n a l  sample. 

I f  x  i s  t h e  number of counts  be fo re  a  d i l u t i o n ,  y  i s  t h e  number a f t e r  d i l u -  
t i o n ,  and xl=Kcyl  a t  any overlapping count ,  then  Kcy i s  t h e  count on t h e  o r i g i -  

n a l  b a s i s .  (Kc= 2.19 i n  Table 5 . )  I f  a f t e r  a n a l y s i s  i n  a  l a r g e  a p e r t u r e  some 
coa r se  p a r t i c l e s  a r e  removed by  s i e v i n g  o r  by sedimentat ion t o  avoid plugging i n  
a  smal le r  a p e r t u r e ,  a d d i t i o n a l  problems a r e  involved.  The removal of some coa r se  
p a r t i c l e s  reduces a l l  counts  throughout t h e  a n a l y s i s  i n  t h e  smal le r  ape r tu r e .  I f  
a  number of coa r se  p a r t i c l e s ,  q, i s  removed be fo re  t he  count i s  taken x - q =  Kcy, 
and t h e  r a t i o  of x t o  y i s  no t  a  cons t an t  m u l t i p l i e r  over  a  range of va lues  of x 
and y. As x and y become ve ry  l a r g e  q becomes r e l a t i v e l y  smal l ,  bu t  q  may not  be 
small  enough t o  n e g l e c t .  

Because (xl-q) - (x2-q) = Kcyl - 
- X2 = K,(Y~ - ~ 2 )  

and t h e  r a t i o  of t h e  d i f f e r e n c e s ,  An, between counts  a t  success ive  s i z e  s t e p s  i s  a  
cons t an t .  The count r a t i o  Kc can be used a s  a  m u l t i p l i e r  t o  a d j u s t  An2 counts t o  
equiva len t  dn counts  of t h e  o r i g i n a l  sample and t o  determine n a f t e r  d i l u t i o n .  
The above usage of d i f f e r e n c e s  i n  counts  between success ive  s t e p s  a p p l i e s  only f o r  
s i z e s  smal le r  than any of t h e  p a r t i c l e s ,  q ,  t h a t  were removed. I f  s i e v i n g  i s  in-  
complete,  o r  s epa ra t i on  by s e t t l i n g  i s  not  a ccu ra t e ,  many p a r t i c l e s  much smal le r  
than t h e  s i e v e  o r  sed imenta t ion  s i z e  may be removed from t h e  sample. 

A l o g - l o t  p l o t  of t o t a l  count a g a i n s t  p a r t i c l e  volume (o r  d3) can be prepared 
and t h e  r a t i o  of counts  be fo re  and a f t e r  a  d i l u t i o n ,  a  counted volume change, o r  
removal of coa r se  p a r t i c l e s  can be  taken from t h e  p l o t .  F ig .  11 shows da t a  from 
an  a n a l y s i s  of a  sample of f u l l e r ' s  e a r t h .  The x symbols on t h e  r i g h t  show t h e  
counts  (above 100) f o r  t h e  f i r s t  p a r t  of t h e  a n a l y s i s  i n  t h e  400-micron a p e r t u r e .  
The + symbols show t h e  second p a r t  of t h e  a n a l y s i s  a f t e r  d i l u t i o n .  I n  t h e  over lap  
reg ion  t h e  r a t i o  of counts  on curve x t o  counts  on curve + averages about 23.7. 
(The same da ta  a r e  shown i n  Table 6 w i th  a  computed r a t i o  of 23.6).  Usual ly 
g r e a t e r  weight  i s  given t o  t he  p a r t  of t h e  over lap  where t h e  counts  a r e  l a r g e s t  
un l e s s  t h e  higher  counts  exceed an  n" c o r r e c t i o n  of 10%. I f  t h e  n" c o r r e c t i o n  
exceeds lo%,  t h e  co r r ec t ed  count i s  gene ra l l y  too  low even a f t e r  c o r r e c t i o n .  The 
$ symbols show t h e  + counts  m u l t i p l i e d  by 23.6. The s o l i d  l i n e  r ep re sen t s  t h e  
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r e l a t i o n  between par t i c l e  count and d 3  f o r  t h e  concentrat ion o f  sediment i n  t h e  
sample w i t h  which the  analys is  was begun. 

The o symbols on P i g .  11 show t h e  counts from analys is  i n  t h e  140-micron 
aper ture .  Because some o f  t h e  par t i c l e s  coarser than about 30 microns were re-  
moved prior t o  analys is  i n  t h e  140-micron aper ture ,  t h e  r a t i o  o f  @ counts t o  @ 
counts i s  not a constant i n  t he  overlap region.  I f  counts are taken from t h e  a 

and @ curves a t  several o f  t h e  same d 3  values and t h e  d i f f e r e n c e s  i n  counts be- , 

tween adjacent values are taken ,  t h e  r a t i o  o f  d i f f e r e n c e  t o  corresponding d i f f e r -  
ence i s  e s s e n t i a l l y  cons tant ,  A d i f f e r e n c e  o f  17,800 i n  counts between d 3  values 
o f  7,000 and 10,000 on t h e  so l id  curve corresponds t o  a d i f f e r e n c e  o f  206 on t h e  
140-micron curve and t h e  r a t i o  i s  86.4. Other r a t i o s  o f  86.2 and 86.8 are  shown 
on P i g .  II f o r  ranges o f  d 3  from l0,000 t o  20,000 and 20,000 t o  40,000, respec t ive-  
l y ,  (The average computed r a t i o  i n  Table 6 i s  86 .5) .  I f  t h e  @ counts a t  t h e  
large-count end o f  t h e  overlap are mul t ip l ied  by 86.5, they  f a l l  about 3,100 counts 
belww t h e  so l id  l i n e .  On t h e  bas i s  o f  t h e  counts for  t h e  concentrat ion w i t h  which 
t h e  analys is  s t a r t e d ,  3,100 o f  t h e  coarser par t i c l e s  were removed b e f o r e  analys is  
i n  t h e  140-micron aper ture .  Each e count was mul t ip l ied  by  86.5, and 3,100 was 
added t o  obta in  t h e  @ counts on which t h e  so l id  curve was based, 

I n  a s imi lar  manner t h e  + counts from t h e  50-micron aperture were adjusted 
and used t o  d e f i n e  t h e  f i n e - p a r t i c l e  end o f  t h e  curve ,  

I f  overlapping counts are not  taken a t  t h e  same s i z e  (or  d? or S e  v a l u e s ) ,  
d i r e c t  ar i thmet ic  computation i s  very  d i f f i c u l t  and a curve o f  counts a t  var ious  
p a r t i c l e  s i z e s  should be p lo t t ed .  I f  counts are i n c o n s i s t e n t ,  p lo t t i ng  may be  
c?esirable. Sometimes t h e  s lope o f  a curve o f  counts a f t e r  d i l u t i o n  can be  used 
. . ~ r e c t l y  t o  extend the  curve fo r  counts on t h e  bas i s  o f  t he  or ig inal  sample. In 

?neral ,  p lo t t i ng  o f  counts ,  as  i n  F i g .  11,  a t  various par t i c l e  s i z e s  i s  n o t  
~ ~ , e c e s s a r y  and it adds l i t t l e  t o  t h e  accuracy o f  ana ly s i s .  

33. data--The range o f  p a r t i c l e  s i z e s  
o f  natural  sediments i s  so great t h a t  more than one aperture s i z e  i s  u s u a l l y  re-  
qu i red ,  A form, Table 6 ,  which can be used over a range o f  l t o  160 microns,  was 
made up based on analyses i n  50-, 140-, and 400-micron aperture tubes .  Besides 
t h e  d a t a  on sample and preparatory t reatment ,  only t h e  par t i c l e  counts ,  count 
d i f f e r e n c e s ,  volumes o f  p a r t i c l e s ,  and percentage by volume are recorded and 
computed. In  Table 6 a l l  in format ion  t h a t  i s  printed on t h e  form i s  t yped ,  and 
Information t h a t  i s  added l a t e r  f o r  an indiv idual  analys is  i s  hand l e t t e r e d .  

Aperture s i z e ,  and t h e  d ia l  s e t t i n g s  fo r  gain,  threshold ,  and I-current  are 
printed on the  form o f  Table 6 .  ,The bas ic  counts ,  average bas ic  count ,  co inc i -  
dence correc t ion ,  and counts between s i z e  s teps  are  recorded or computed a s  i n  
Table 5 and as explained i n  Sec t ion  32. A universal  r e l a t i v e  s i z e  d 3  i s  used 
ins tead o f  t h e  e l e c t r i c a l  s i z e  S e e  The actual  average par t i c l e  volume i n  cubic 
microns i s  used as a s i z e  m u l t i p l i e r  i n  each s i z e  i n t e r v a l .  The remainder o f  t h e  
computations fo l low the  general procedure fo r  Table 5. The form o f  Table 6 can 
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TABLE 6 

COMPREHENSIVE FORM FOR RECORDING DATA AND COMPUTING S I Z E  D I S T R I B U T I O N  

sample fuller's earth Source 

Temperature 75 OF j Dispersan t  Te;ton X -  I00 

Manometer 2,000 ~ 1 -  400 p Coincidence 40.0 - 400 p 

r o l m e :  2,o~omL-  1 4 0 , ~  1 f a c t o r ,  p :  17.1 - I40 p 

5 0 ~ 1 -  5 0 , u  / 3.125 - 5 0 p  

E l e c t r o l y t e  1 %  NoCl 

Operator TEB, 

Date Auq 15, 19bY 



TABLE 6 

COMPREHENSIVE FORM F Q R  R E C O W I N G  DATA AND COWZPGING S I Z E  BIS'I 'RIBIPTIQN 

Notes:  i 
400-Micron Ape r tu re  

1 

140-Micron A p e r t u r e  
I 

Adj  . 

Ed. total * l,d5q000 
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be  used f o r  a  s i n g l e  a p e r t u r e  tube  o r  any combination of t h e  t h r e e  a p e r t u r e  tubes .  
The work of record ing  and computing t he  da ta  i s  reduced cons iderab ly  by u s ing  
s tandard  s e t t i n g s .  

I n  Table 6  t h e  da t a  f o r  t h e  400-micron a p e r t u r e  show a  d i l u t i o n .  Computa- 
t i o n s  were made a s  i n  Table 5 ,  but  a n  a d d i t i o n a l  column f o r  t h e  n  count ad ju s t ed  
f o r  d i l u t i o n  and t he  r e s t r i c t i o n s  of t h e  p r i n t e d  G ,  T, and I readings  makes t h e  
arrangement of t h e  data  somewhat d i f f e r e n t .  

Because t h e  d i l u t i o n  between counts  i n  t h e  d i f f e r e n t  a p e r t u r e s  included a l s o  
t h e  removal of some of t h e  coa r se r  p a r t i c l e s ,  t h e  over lap  computations were no t  
made l i k e  those  i n  Table 5.  The r a t i o s  of counts  be fo re  and a f t e r  d i l u t i o n  were 
determined. (See columns headed "an", ' 'C211r and "Adj . an".)  The average r a t i o  
between a n  counts f o r  t h e  400- and 140-micron a p e r t u r e  was 86.5 on t h e  b a s i s  of 
counts  a t  diameters  of 24.4 and 19.4 microns. Some 30.7-micron p a r t i c l e s  were 
probably removed be fo re  a n a l y s i s  i n  t h e  140-micron ape r tu r e .  The count a t  15.4 
microns r e q u i r e s  an excess ive  n" c o r r e c t i o n  and was probably too  low. The An 
counts  from a n a l y s i s  i n  t h e  140-micron a p e r t u r e  were mu l t i p l i ed  by 86.5 t o  o b t a i n  
An counts  on t h e  ba s i s  of t h e  sediment concent ra t ion  w i th  which t h e  a n a l y s i s  was 
s t a r t e d  i n  t he  400-micron a p e r t u r e .  The ad ju s t ed  n  count of 60,960 a t  19 .4  m i -  
c rons  was taken a s  c o r r e c t ,  and higher  ad ju s t ed  n  counts  were ob ta ined  by adding 
t h e  ad ju s t ed  An counts  i n  success ion  beginning w i th  t h e  50,860 between diameters  
of 19.4 and 15.4 microns. The 669 count a t  a  diameter of 19.4 microns was mul t i -  
p l i e d  by 86.5 t o  show a  count of 57,870 i n  t h e  140-micron a p e r t u r e  compared wi th  
t h e  60,960 count from t h e  400-micron a p e r t u r e .  The d i f f e r e n c e  i s  about 3,100. 
A f t e r  n  counts  from t h e  a n a l y s i s  i n  t h e  140-micron a p e r t u r e  were m u l t i p l i e d  by 
86.5,  t he  3,100 could be added t o  each product  t o  ob t a in  t h e  ad ju s t ed  n  counts .  
Note t h a t  t h e  ad ju s t ed  n  counts  i n  t h e  140- and 50-micron a p e r t u r e s  and t he  

3  d  column of Table 6  a r e  unnecessary  u n l e s s  t h e  curve of counts  a t  va r ious  d3 
va lues  i s  t o  be p l o t t e d .  

The da t a  from t h e  50-micron tube were a d j u s t e d  by t h e  same methods t h a t  were 
used f o r  t h e  da t a  from t h e  140-micron tube .  

The Z(&n) v o l .  column shows t h e  volume ( i n  cubic microns) of p a r t i c l e s  
coa r se r  than t h e  corresponding s i z e .  The es t imated  t o t a l  of 1,850,000,000 cubic 
microns shows a  volume of 1 .85  m i c r o l i t e r s  of p a r t i c l e s  i n  t h e  metered volume of 
2,000 m i c r o l i t e r s  on which t h e  a n a l y s i s  was begun. The volume concen t r a t i on  was 
t h e r e f o r e  .0925 pe rcen t ,  o r  925 ppm, i n  t h e  o r i g i n a l  sample. The volume concen- 
t r a t i o n  between any two p a r t i c l e  s i z e s ,  o r  coa r se r  than any p a r t i c l e  s i z e ,  can 
be obtained i n  t h e  same way. 

Besides t h e  b a s i c  computations of p a r t i c l e  s i z e  and concent ra t ion  o the r  types 
of data  reduc t ion  may be d e s i r a b l e  under some s i rcumstances .  

The s i z e  d i s t r i b u t i o n  from Table 6 may be  p l o t t e d  a s  i n  F i g .  10. I f  t h i s  i s  
done (Fig.  12) a  t o t a l  of about  1,870,000,000 cubic microns would probably be used 
a s  t he  b a s i s  f o r  computing s i z e  d i s t r i b u t i o n .  





When counts  a r e  somewhat e r r a t i c ,  t h e  counts  f o r  computing An may be taken 
from an average  curve.  I f  t h i s  i s  done f a r  t h e  da t a  on which Table 6 and F ig .  
11 a r e  based,  t h e  f i n a l  a n a l y s i s  ~ ~ o u l d  be t h a t  shown by t h e  A read ings  o f  Fig .  12. 

Table 6 was made up on t h e  b a s i s  of a  temperature of 7 5 O ~ .  I f  temperature 
had been o u t s i d e  t h e  range 73" - 77%, an  adjustment  of t h e  f i n a l  a n a l y s i s  might 
be d e s i r a b l e .  (See Sec t i on  25.)  For example, i f  t h e  average temperature dur ing  
a n a l y s i s  had been ~o'P,  t h e  p a r t i c l e  diameters  should be increased  5 x 0.45, o r  
2.25 percent ,  f o r  t h e  analysis--and a median p a r t i c l e  diameter  of 22 microns 
would be changed t o  22.5 microns. 



V I  . DISCUSSION 

34. Short  review of s i z e  a n a l v s i s  methods--Although t h e  b a s i c  reason f o r  
s tudying  e l e c t r o n i c  s ens ing  of sediment was t h e  p o s s i b i l i t y  of i t s  u se  t o  de t e r -  
mine sediment concen t r a t i on ,  t h e  instrument  i n  i t s  p resen t  form i s  b e t t e r  adapted 
t o  s i z e  a n a l y s i s .  

A b r i e f  review of s i z e  ana lyses  w i th  o t h e r  equipment i s  given a s  a  b a s i s  f o r  
eva lua t i ng  t h e  p o t e n t i a l  of t h e  e l e c t r o n i c  sens ing  device  a s  a  l abo ra to ry  i n s t r u -  
ment f o r  s i z e  a n a l y s i s .  Accuracy i n  terms of s i z e  a n a l y s i s  impl ies  p o s s i b l e  
accuracy i n  determining concen t r a t i on  d i r e c t l y .  

5. Sieves--In s i z e  a n a l y s i s  by s i ev ing ,  p a r t i c l e s  a r e  allowed t o  f a l l  a s  
f a r  a s  they  w i l l  through a  n e s t  of s i eves  t h a t  have coa r se  openings a t  
t h e  top and succes s ive ly  smal le r  openings toward t h e  bottom. Resul t s  
of an  a n a l y s i s  may be  expressed i n  percentage coa r se r  ( r e t a i n e d  on o r  
above) each succes s ive  s i e v e  s i z e .  Mater ia l s  may be s ieved  wet o r  dry.  
Sieves a r e  a g i t a t e d  mechanical ly  o r  by hand. Changes i n  du ra t i on  o r  
method of s i e v i n g  and wide v a r i a t i o n s  i n  openings i n  s i e v e s  of t he  same 
nominal s i z e  make s i e v i n g  i nexac t ,  e s p e c i a l l y  f o r  p a r t i c l e s  of i r r egu -  
l a r  shapes.  

b. Visual-accumulation tube--In t h e  visual-accumulat ion tube  method t h e  - 
p a r t i c l e s  f a l l  from a common l e v e l  i n  a  sedimentat ion tube  f i l l e d  wi th  
water .  The p a r t i c l e s  form a s t r a t i f i e d  sedimentat ion system a s  they  
f a l l .  The accumulation of sediment a t  t h e  bottom of t h e  tube  i s  re- 
corded a g a i n s t  t ime of f a l l .  The method i s  a  f a s t ,  economical,  and 
a c c u r a t e  means of determining t h e  f a l l - v e l o c i t y  s i z e  d i s t r i b u t i p n  of 
sands.  

c .  Bottom-withdrawal tube--In t h e  bottom-withdrawal tube method of s i z e  - 
a n a l y s i s ,  p a r t i c l e s  f a l l  from an  i n i t i a l l y  d i spersed  suspension of par-  
t i c l e s  i n  water .  Severa l  withdrawals  of water  and depos i ted  sediment 
a r e  made from t h e  bottom of t h e  sedimentat ion tube  a t  timed i n t e r v a l s .  
The sediment i s  d r i e d  and weighed, and t h e  s i z e  d i s t r i b u t i o n  i s  d e t e r -  
mined by t h e  0dLn curve procedure. The method i s  a c c u r a t e  f o r  samples 
of s i l t  and c l a y  s i z e s .  A s i n g l e  a n a l y s i s  of a  sample con t a in ing  sands 
i s  l i k e l y  t o  be e r r a t i c .  

d .  P ipe t t e - - In  t h e  p i p e t t e  method t h e  sediment i s  d i spe r sed  thoroughly i n  - 
water  i n  a  c y l i n d e r  and then allowed t o  s e t t l e .  A f t e r  a  d e f i n i t e  s e t -  
t l i n g  time a  small  sample i s  withdrawn a t  a  f i xed  po in t  below t h e  water  
su r f ace .  The depth and time g ive  f a l l  v e l o c i t y ,  which determines t h e  
maximum sediment s i z e  a t  t he  po in t  of withdrawal ,  From s e v e r a l  wi th-  
drawals t h a t  r e p r e s e n t  d i f f e r e n t  p a r t i c l e  s i z e s ,  t h e  concent ra t ion  of 
sediment f i n e r  than  t he se  s e l e c t e d  s i z e s  can be  ob ta ined .  
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e. - --The sedimentat ion p r i n c i p l e s  i n  hydrometer a n a l y s i s  a r e  t h e  
same a s  t hose  i n  p i p e t t e  a n a l y s i s .  However, concen t r a t i on  of sediment i s  
determined from a hydrometer read ing  of t h e  d e n s i t y  of t h e  water-sediment 
mixture a t  t h e  r e f e r ence  depth and t ime.  Because concen t r a t i on  determin- 
a t i o n  w i th  t h e  hydrometer i s  no t  very  s e n s i t i v e ,  sediment i s  u s u a l l y  ana l -  
yzed i n  too  g r e a t  a  concen t r a t i on  f o r  unhindered s e t t l i n g  of t h e  sediment 
p a r t i c l e s .  The hydrometer method i s  used mainly i n  a n a l y s i s  of s o i l s ,  

f. Centr i fuge--Centr i fuge methods of s i z e  a n a l y s i s  a r e  sed%.mentation methods - 
i n  which a  c e n t r i f u g e  i s  used t o  has ten  p a r t i c l e  s e t t l i n g ,  They a r e  es -  
p e c i a l l y  va luab l e  f o r  a n a l y s i s  of f i n e  s i l t  and c l a y .  

g-  --Sediment p a r t i c l e s  may be magnified w i t h  a  microscope s o  t h a t  
t h e i r  s i z e  may be determined, I n  gene ra l ,  microscopic s i z e  i s  determined 
from measurement of l eng th  a long  two axes of t h e  p a r t i c l e ,  and t h e  depth  
of t h e  p a r t i c l e  i s  es t imated  o r  assumed i n  r e l a t i o n  t o  t h e  measured dimen- 
s i o n s ,  For s p h e r i c a l  p a r t i c l e s  t h e  microscopic method i.s accu ra t e  w i t h i n  
t h e  l i m i t a t i o n s  of t h e  a v a i l a b l e  microscope. An a n a l y s i s  r equ i r e s  meas- 
urement of a t  l e a s t  a  few hundred p a r t i c l e s .  Thousands of p a r t i c l e s  m s t  
be measured t o  ob t a in  an accu ra t e  s i z e  d i s t r i b u t i o n  f o r  a  sample conta in-  
i n g  a  wide s i z e  d i s t r i b u t i o n  of i r r e g u l a r  p a r t i c l e  shapes.  Microscopic 
s i z e  a n a l y s i s  i s  t ed ious  and expensive bu t  provides a  dependable s tandard  
by which t o  judge t h e  accuracy of o t h e r  s i z e  a n a l y s i s  methods. 

35 .  Comparison of t h e  e l e c t r o n i c  countermethod  w i t h  o t h e r  methodg--Tile e l e c -  
t r o n i c  counter  i s  we l l  adapted t o  a n a l y s i s  of sediment p a r t i c l e s  from l t o  160 
microns i n  s i z e ,  i f  ape r tu r e s  from SO t o  408 microns i n  diameter  a r e  used. Aper- 
t u r e s  up t o  2,000 microns a r e  a v a i l a b l e  but  t h e  problem of keeping sediment p a r t i -  
c l e s  l a r g e r  than 160 microns i n  suspension makes o the r  methods such a s  t h e  v i s u a l -  
accumulation tube  o r  s i e v e  methods more d e s i r a b l e  f o r  l a r g e r  p a r t i c l e s ,  Aper tures  
a s  small  a s  11 microns a r e  a v a i l a b l e ,  bu t  an a n a l y s i s  w i th  s o  small  an a p e r t u r e  
r e q u i r e s  a d d i t i o n a l  t ime and t h e  p r i o r  removal of a l l  b u t  t h e  c l a y  p a r t i c l e s .  

A comparison of t h e  e l e c t r o n i c  counter  w i th  o the r  s i z e  a n a l y s i s  methods 
(Table 7 )  i n d i c a t e s  t h a t  i t  i s  r e l a t i v e l y  a c c y a t e .  The accuracy i s  probably 
b e t t e r  than  any o the r  method except  t h e  gene ra l l y  more t ed ious  and s f t e n  more 
expensive microscopic a n a l y s i s  of s e v e r a l  hundred p a r t i c l e s ,  Because i r r egu -  
l a r l y  shaped p a r t i c l e s  a r e  no t  a c c u r a t e l y  s i z e d  by n~ ic rosc spe ,  t h e  phys ica l  vol-  
ume of such p a r t i c l e s  m y  be  more a c c u r a t e l y  determined by t h e  counter  than by 
t h e  microscope. 

The c a n t e r  r equ i r e s  on ly  a  small  sample and t he  concen t r a t i on  can be lw,  
For sand s i z e s  t h e  v i s u a l - a c c u m l a t i o n  tube method i s  s a t i s f a c t o r y  so t h a t  t h e  
upper s i z e  l i m i t  f o r  e l e c t r o n i c  a n a l y s i s  i s  no s e r ious  d i sadvantage .  The lower 
s i z e  l i m i t s  should be s t ud i ed  f u r t h e r  -- e s p e c i a l l y  t h e  d e s i r a b i l i t y  of us ing  
smal le r  a p e r t u r e s .  The c o s t  of an e l e c t r o n i c  counter  a m l y s i s  i s  r e l a t i v e l y  h igh .  
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Information i n  Table 7 i s  very  genera l  and approximate. I n  many in s t ances  
accuracy and t ime of a n a l y s i s  depend on t h e  s i z e  and s i z e  range of t h e  sample and 
on how completely and c a r e f u l l y  t h e  s i z e  d i s t r i b u t i o n  i s  determined. 

Comparative ana ly se s  of a glass-bead sample a r e  s h m  i n  F i g .  13.  The s i e v e  
a n a l y s i s  extended down t o  44 microns, and t he  visual-accumulat ion tube a n a l y s i s  
extended dawn t o  62 microns. (Glass beads may be  s ieved  e a s i l y  and w i th  reason-  
ab ly  good accuracy . )  I n  gene ra l ,  t h e  e l ec t ron i c - coun te r  a n a l y s i s  agreed w e l l  
wi th  t h e  o t h e r  two. E l ec t ron i c  sens ing  of sediments could be combined w i th  
visual-accumulat ion tube  o r  s i e v e  a n a l y s i s  t o  cover a n a l y s i s  of s i z e s  too  coa r se  
f o r  a n a l y s i s  i n  t h e  counter  a lone .  

Analyses of samples of carborundum g r i t s  by t h e  Andreasen p i p e t t e  and t h e  
counter  a r e  shown i n  F ig .  14,  which i s  adapted from F i g .  5 of r e f e r ence  2 .  Al- 
though t h e  p i p e t t e  determines f a l l  v e l o c i t y  and t h e  counter  measures p a r t i c l e  
volume, t h e  two methods agree  f a i r l y  w e l l .  

A bottom-withdrawal tube a n a l y s i s  of a  sediment sample from t h e  Kentucky 
River i s  compared w i t h  counter  a n a l y s i s  of t h e  same sample i n  P ig .  15.  Eight  
percent  of sand was removed be fo re  a n a l y s i s  i n  t h e  e l e c t r o n i c  counter .  The s i z e  
d i s t r i b u t i o n  from t h e  counter  a n a l y s i s  i s  s h m  both w i thou t  t h e  sand and w i t h  
8 percent  of sand added a f t e r  a n a l y s i s .  The ana lyses  do no t  ag ree  we l l  a t  the  
f i n e - p a r t i c l e  end of t he  d i s t r i b u t i o n .  

Analyses of a  coa l  dus t  sample be fo re  and a f t e r  a n  a t t r i t i o n  process  a r e  
shown i n  F i g .  16.  The two s i z e  d i s t r i b u t i o n s  p l o t  consistently and l o g i c a l l y .  
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V T I .  COHCLUSIQHS 

36 .  Conclusions--Electronic sensing i s  a r e l a t i v e l y  accur.ate method o f  de- 
termining the  s i z e  d i s t r ibu t ion  o f  sediments between 1 and 160 microns i n  d i a m -  
e t e r .  In cost o f  original equipment and time and cost o f  analysis it i s  compar- 
able t o  the  microscopic method o f  s i z e  analys is .  (See Table 7 on page 6 3 ) .  For 
irregularly  shaped particles the  s i z e  d i s t r ibu t ion  by the  electronic counter i s  
probably more accurate than that from an average microscopic analys is .  

The electronic counter as now developed i s  a valuable laboratory instrument 
for  determining s i z e  d i s t r ibu t ion  as a standard t o  compare wi th  other l e s s  accu- 
ra te  but fas ter  methods, which are generally used for  routine analyses. 

The small aperture through which the  particles must pass and the  Limited 
range o f  part ic le  s izes  that can be analyzed i n  a single aperture are serious 
l imi ta t ions  o f  t h e  electronic-sensing method. The small aperture s i z e  makes 
d i rec t  analysis o f  sediment on a flaw-through basis almost impossible. Analysis 
i n  more than one aperture i s  generally required. Samples must be prepared for 
analysis i n  each successively smaller aperture by removing particles so coarse 
tha t  they  would plug the  aperture. Computations o f  the  analysis by overlapping 
d a t a  i n  two or more apertures are time consuming and introduce the poss ib i l i t y  
o f  additional errors.  

Part ic les  coarser than a given reference s i z e  are counted. Pn many ways 
analys is  would be simpler i f  only particles wi th in  a l imited s i ze  band were 
counted. Problems o f  keeping the coarse particles i n  suspension throughout the  
en t i re  analysis and o f  correcting for coarse particles that were removed prior 
t o  analysis would be s impl i f i ed .  

The electronic-sensing method i s  not wel l  adapted t o  determination o f  sedi-  
ment concentration. Concentration can be determined by the  same process as s i z e  
d i s t r i b u t i o n ,  but t h e  method i s  far  too time consuming and cos t l y  for a routine 
concentration determination. A program for  determining concentrations wi th  the  
counter was not followed, because such an invest igat ion d i d  not seem t o  be 
j u s t i f i e d .  

Work wi th  the  counter has shmn that  the  passage o f  a s ingle part ic le  through 
t h e  aperture produces a voltage pulse that  i s  proportional t o  the  volume o f  t h e  
par t i c le .  The pulses are practically independent o f  part ic le  shape, roughness, 
and material .  Also the  pulses and part ic le  volumes can be related from one aper- 
ture  s i z e  t o  another. Progress toward electronic sensing o f  sediment concentra- 
t i o n  depends on using the  basic fac t s  t o  develop a more d i rec t  method o f  deter- 
mining concentration. For emmple, the  single-particle e f f e c t  suggests tha t  a 
cloud o f  particles i n  suspensfon must change the  resistance o f  the  suspension i n  
proportion t o  the  volume o f  the  cloud of part ic les ,  or In proportion t o  t h e  volume 



70 Sec t ion  37 

concent ra t ion  of p a r t i c l e s  i n  suspension. Presumably t h i s  r e l a t i o n  i s  not  l im i t ed  
t o  a  small  ape r tu re .  

37. Recommends t i o n s  f o r  f u t u r e  work--A method of a n a l y s i s  us ing  s e v e r a l  
a p e r t u r e s  i n  t h e  s i d e  of a  sedimentat ion chamber could be  s tud i ed .  The a p e r t u r e s  
might be  connected a l t e r n a t e l y  t o  t h e  manometer p a r t  of t h e  sensing device.  The 
sediment could be d ispersed  thoroughly and then alluwed t o  s e t t l e .  Counts i n  t h e  
l a r g e r  ape r tu re s  could be made f i r s t ;  and, a f t e r  t h e  coarser  p a r t i c l e s  had s e t t l e d ,  
counts  i n  t h e  smaller  ape r tu re s  could be  taken.  

The f e a s i b i l i t y  of counting only t h e  p a r t i c l e s  w i t h i n  a  c e r t a i n  s i z e  range  
in s t ead  of counting a l l  p a r t i c l e s  coa r se r  than a  given s i z e  should be s t u d i e d .  
I f  t h e  e l e c t r i c a l  pu lses  could be added e l e c t r i c a l l y  t o  show d i r e c t l y  t h e  volume 
of p a r t i c l e s  w i th in  a  s i z e  range,  t h e  computation of s i z e  d i s t r i b u t i o n  and concen- 
t r a t i o n  would be  s imp l i f i ed ,  

D i r ec t  e l e c t r o n i c  determinat ion of sediment concent ra t ion  i n  a  l a r g e  o r i f i c e  
o r  sediment chamber i s  s o  promising t h a t  i t  should be  s tud i ed  and t e s t e d  care-  
f u l l y .  I n  comparison wi th  t h e  present  e l ec t ron ic - sens ing  method, t h e  problems 
seem t o  be: (1) e f f e c t  of temperature of t h e  f l u i d  suspension, (2 )  changing con- 
c e n t r a t i o n  of d i sso lved  s o l i d s ,  and ( 3 )  need f o r  a  b a s i c  r e f e r ence  o r  zero r e f e r -  
ence t o  cancel  ou t ,  o r  t o  provide c o r r e c t i o n  f o r ,  changes i n  t h e  e l e c t r o n i c  c i r -  
c u i t r y  and perhaps i n  items (1) and (2 )  above. The advantages would be: (1) 
f a s t  and d i r e c t  information on concent ra t ion ,  ( 2 )  l i m i t a t i o n s  imposed by ve ry  small  
a p e r t u r e s  could b e  avoided, and ( 3 )  t h e  equipment could probably be s imp l i f i ed .  
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V I I I .  APPENDIX 

3 8 .  Der iva t ion  of e l e c t r i c a l  response t o  p a r t i c l e  size--A knowledge of 
t h e  b a s i c  e l e c t r i c a l  response m y  he lp  i n  understanding t h e  ope ra t i on  of t h e  
e l ec t ron i c - sens ing  equipment. The fo l lowing  d e r i v a t i o n  i s  based on t h a t  of 
t h e  manufacturer  of t h e  e l ec t ron i c - sens ing  equipment [ 4 ] .  

Assume t h a t :  

1. The a p e r t u r e  con t en t s  form a  c y l i n d r i c a l  r e s i s t o r  i n  which 
c u r r e n t  d e n s i t y  i s  uniform. 

2. I f  t he  l eng th  of t h e  c y l i n d r i c a l  r e s i s t o r  i s  mu l t i p l i ed  by 
an app rop r i a t e  f a c t o r ,  t h e  c y l i n d e r  r ep re sen t s  t h e  e l e c t r i -  
c a l l y  e f f e c t i v e  zone of t h e  a p e r t u r e ,  

3 .  Ind iv idua l  p a r t i c l e s  pass  through a t  random and a r e  evenly 
d i s t r i b u t e d  w i t h i n  t h e  a p e r t u r e  c r o s s  s e c t i o n .  

4 .  The e l e c t r i c a l l y  e f f e c t i v e  volume of a  p a r t i c l e  i n  t he  aper -  
t u r e  may be expressed a s  a  cy l i nde r  having t he  same r e s i s -  
t i v i t y  a s  t h e  p a r t i c l e .  

Le t  t h e  e f f e c t i v e  cy l i nde r  t h a t  r ep re sen t s  t he  p a r t i c l e  be bd i n  l eng th ,  
cd i n  d iameter ,  and a i n  c ro s s - s ec t i ona l  a r e a ,  xqhere d  i s  t h e  diameter  of a 
sphere  having t h e  same volume a s  t h e  cy l i nde r .  

Consider t h e  a p e r t u r e  a s  having a  d i s s  segment t h a t  con t a in s  a given par-  
t i c l e  and has a  diameter ,  D,  and a c r a s s - s e s t i o n a l  a r e a ,  A ,  equal t o  t h a t  of 
t h e  a p e r t u r e  and a  th ickness  bd equa l  60 t h e  l e n g t h  of t he  p a r t i c l e  s y l i n d e r .  
Le t  Po and P be t h e  r e s i s t i v i t i e s  of t h e  l i q u i d  and t h e  p a r t i c l e ,  r e s p e s t i v e l y .  

Then t h e  r e s i s t a n c e  of t h e  d i s s  semaaent wi thout  the p a r t i c l e  i s  



And the  r e s i s t a n c e  w i th  t h e  p a r t i c l e  i s  t h a t  of two r e s i s t o r s  i n  p a r a l l e l  

Thus t h e  p a r t i c l e  makes a  r e s i s t a n c e  change 

For an  equiva len t  sphere and cy l i nde r  of equal  volume, abd equals  t h e  p a r t i c l e  
volume, V 

Then BR 2 which i s  Equation 1 

With V " p a r t i c l e  volume. 

39. -Aperture r e s i s t a n c e  i s  meas- 

ured w i th  a  d-c vol tmeter  t h a t  i s  connected t o  t he  leads  from t h e  e l ec t rodes  
i n s i d e  and o u t s i d e  of t he  a p e r t u r e  tube.  The a p e r t u r e  r e s i s t a n c e  i s  
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Where Rs = r e s i s t a n c e  i n  s e r i e s  w i t h  t h e  a p e r t u r e  
= 215,000 ohms f o r  I s e t t i n g  8; 415,000 ohms f o r  I s e t t i n g  7  
= sum of a l l  r e s i s t a n c e s  i n  s e r i e s  w i th  t h e  a p e r t u r e ,  any s e t t i n g  

Vo = v o l t a g e  from vol tmeter  
300 = vo l t age  ac ros s  r e s i s t a n c e s  R -I- Rs 

300 - Vo = vo l t age  ac ros s  Rs 

I f  t h e  average read ing  of t h e  vo l tmeter  f o r  bo th  p o l a r i t y  o r i e n t a t i o n s  i s  9.5 
a t  an  I s e t t i n g  of 7, t he  computed a p e r t u r e  r e s i s t a n c e  i s  13,6000 ohms. 

Compute t h e  i n t e r n a l  r e s i s t a n c e  of t h e  vo l tmeter  by mul t ip ly ing  i t s  s e n s i t i v i -  
t y  i n  ohms per  v o l t  by t h e  f u l l  s c a l e  v o l t a g e  of t h e  d i a l  range .  I f  t h i s  i n t e r n a l  
r e s i s t a n c e  i s  no t  a t  l e a s t  100 times g r e a t e r  than t h e  r e s i s t a n c e  from Equation 14, 
c o r r e c t  f o r  vo l tmeter  shunt e f f e c t  a s  fo l lows  : 

From Equation 14 R = & ' Rc 

R, -)- Rc 

Rm * R and R = 
s - R  

Where Rc = t h e  co r r ec t ed  a p e r t u r e  r e s i s t a n c e  

% =  t h e  vo l tmeter  r e s i s t a n c e  f o r  t h e  s c a l e  used 

For a  vo l tmeter  w i th  a  s e n s i t i v i t y  of 10,000 ohms per  v o l t  and f o r  t he  10-vol t  
s c a l e ,  t h e  r e s i s t a n c e  would be 100,000 ohms. 

Then Rc = l ~ o ~ o o ~  X 13,600 = 15,700 
100,000 - 13,600 

Table A - 1  shows s e v e r a l  a p e r t u r e  r e s i s t a n c e s  and suggests  some l i m i t a t i o n s  
of t h e  d-c vo l tmeter  method. 

An approximate r e s i s t a n c e  f o r  t h e  a p e r t u r e  a lone  was added t o  t h e  a p e r t u r e  
s e r i e s  r e s i s t a n c e  t h a t  i s  i nd i ca t ed  by t h e  c u r r e n t - s e l e c t o r  d i a l  read ing  given i n  
column 1, and t h e  r e s u l t i n g  approximate t o t a l  a p e r t u r e - c i r c u i t  r e s i s t a n c e  i s  
l i s t e d  i n  column 2. P o l a r i t y  d i f f e r e n c e s  a r e  shown by t h e  measured vo l t ages  i n  
columns 3  and 4;  they gene ra l l y  a r e  l a r g e  f o r  t h e  50-micron a p e r t u r e .  

Each c a l c u l a t e d  va lue  of c u r r e n t  ( c o l .  5 )  was computed from t h e  app l i ed  
cons t an t  vo l t age  of 300 v o l t s  and t h e  approximate t o t a l  r e s i s t a n c e  of t h e  ape r tu r e  
c i r c u i t  ( c o l .  2 ) .  Although c a l c u l a t e d  c u r r e n t  u s u a l l y  agreed we l l  w i th  measured 
c u r r e n t  ( s o l .  6 ) ,  any small  d i f f e r e n c e  i n  c u r r e n t  may cause a  comparably smal l  
d i f f e r e n c e  between t h e  computed r e s i s t a n c e s  through t h e  a p e r t u r e  ( c o l s .  7 and 8).  

The r e s i s t a n c e  i n  column 7 i s  computed by d iv id ing  average v o l t a g e  by t h e  
measured cu r r en t ;  t h e  r e s i s t a n c e  i n  column 8 i s  computed by d iv id ing  average  
v o l t a g e  by a c a l c u l a t e d  c u r r e n t .  However, t h e  c a l c u l a t e d  c u r r e n t  used i n  t h e  



TABLE A - 1  

SOME APERTURE RESISTANCE T E S T S  A T  H I G H  S E T T I N G S  OF THE CURRENT-SELECTOR D I A L  

Current 
se lec t01 

d i a l  
s e t t i n g  

Approximate 
t o t a l  

ape r tu re -  
c i r c u i t  

r e s i s t a n c e  
(1,000 ohms) 

140-micron a p e r t u r e  - 7 5 ' ~  I 

400-micron a p e r t u r e  - 7 0 ' ~  

140-micron a p e r t u r e  - 7 0 ' ~  

50-micron a p e r t u r e  - 70°F 
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computation i s  no t  exac t l y  t h e  same a s  t h e  c a l c u l a t e d  c u r r e n t  l i s t e d  i n  colunm 5 
un l e s s  t h e  a p e r t u r e  r e s i s t a n c e  i s  exac t l y  equal t o  t h e  a p e r t u r e  r e s i s t a n c e  t h a t  
was assumed i n  computing t h e  approximate t o t a l  a p e r t u r e - c i r c u i t  r e s i s t a n c e  i n  
column 2 .  More s p e c i f i c a l l y ,  t h e  c a l c u l a t e d  c u r r e n t  used i n  computing a p e r t u r e  
r e s i s t a n c e  i n  column 8 is  based on t h e  r a t i o  of t h e  d i f f e r e n c e  between 300 v o l t s  
and t he  vo l t age  drop through t h e  a p e r t u r e  t o  t h e  a p e r t u r e  s e r i e s  r e s i s t a n c e ,  
whereas t h e  c a l c u l a t e d  c u r r e n t  i n  column 5 i s  based on t h e  r a t i o  of t h e  300 v o l t s  
t o  t h e  approximate t o t a l  a p e r t u r e - c i r c u i t  r e s i s t a n c e .  Res is tances  i n  column 7  
a r e  p r a c t i c a l l y  t h e  same a s  t hose  i n  column 8 d e s p i t e  t h e s e  s l i g h t  d i f f e r e n c e s  
i n  computing t h e  c a l c u l a t e d  c u r r e n t  and t h e  s l i g h t  d i f f e r ences  between t he  
c a l c u l a t e d  and t h e  measured c u r r e n t s  i n  columns 5 and 6 .  

Each of t h e  fou r  groups of da ta  i n  Table A - l  shows a  genera l  decrease  of com- 
puted a p e r t u r e  r e s i s t a n c e  a s  a p e r t u r e - c i r c u i t  r e s i s t a n c e  decreases .  The computed 
r e s i s t a n c e s  gene ra l l y  change l e s s  from one s e t t i n g  of t h e  I - cu r r en t  d i a l  t o  t h e  
next  a t  d i a l  s e t t i n g s  of about  7-10 than a t  lower d i a l  s e t t i n g s .  I n s t r u c t i o n s  
w i t h  t h e  e l ec t ron i c - sens ing  equipment suggest  t h a t  r e s i s t a n c e  be measured a t  a  
s e l e c t o r  d i a l  s e t t i n g  of 7 o r  $--a s e t t i n g  h igh  enough t o  make t h e  v o l t a g e  across  
t h e  ape r tu r e  app rec i ab l e .  

40.  Procedure f o r  median-count ca l i b r a t i on - -Ca l ib r a t i on  w i th  uniform p a r t i -  
c l e s  of known s i z e  was d i scussed  i n  Sec t i on  17.  The method can be i l l u s t r a t e d  a s  
fol lows : 

Eque t i o n :  Median count (count f o r  median s i z e )  = no + ( nf - no ) / 2  = ( nf + no ) / 2 
Mate r i a l  : Corn po l l en ,  83.8-microns median diameter 
Aperture:  Diameter 400 microns 
E l e c t r o l y t e :  1% NaCl s o l u t i o n ,  temperature 75%, a p e r t u r e  r e s i s t a n c e  4,100 ohms 
Instrument  d i a l  s e t t i n g s :  G = 3 ,  I = 3 (Se l ec t  a  combination t h a t  g ives  a  pu lse  

he igh t  between 10 and 30 on t he  th reshold  d i a l )  
Threshold d i a l  read ing  f o r  approximate average pu l se  he igh t :  20 (use  th reshold  

d i a l  s e t t i n g s  of 10 and 30 f o r  nf and no counts r e s p e c t i v e l y ) .  

Median count 

Median count = (nf + To) / 2 = (456 f 10) / 2 = 233 



Threshold reading t o  g ive  median c- 

By t r i a l  and e r r o r  f i n d  t h e  t h r e sho ld -d i a l  s e t t i n g  t h a t  w i l l  g ive  a  count of about  
233 a t  a  des i r ed  combination of s e t t i n g s  of t h e  G and I d i a l s .  For example, u s e  a  
gain d i a l  s e t t i n g  of 2 f o r  which 3fi = 1.122 and an I - d i a l  s e t t i n g  of 4 f o r  which 
F = 0.1258. 

From Equation 6 

41.  Cal ib ra t i on  ma te r i a l s  t h a t  a r e  commercially avai lable--The e l e c t r o n i c  
counter  can be c a l i b r a t e d  quick ly  and e a s i l y  w i th  e s s e n t i a l l y  mono-sized p a r t i c l e s  
such a s  those  l i s t e d  i n  Table A-2. S izes  f o r  c a l i b r a t i o n  should be  between 5 and 
20 percent  of t h e  a p e r t u r e  diameter .  

42. Table of coincidence corrections--Adjustments t o  observed p a r t i c l e  count 
t o  c o r r e c t  f o r  co inc ident  passages may be computed from Equations 11 and 12 of 
Sec t ion  19. However a  t a b l e  of co r r ec t ions  i s  o f t e n  more u s e f u l .  Table A-3 shows 
co r r ec t ions  n" t o  be added t o  t h e  average observed count n '  t o  a d j u s t  f o r  l o s s  of 
count from coinc ident  passages f o r  t h e  a p e r t u r e s  and counting volume genera l ly  used 
i n  t h i s  work. An opera tor  should remember t h e  count l i m i t s  f o r  keeping co r r ec t ions  
w i th in  10 percent  and d i l u t e  the  sample when t h e  l i m i t s  a r e  reached. 

43. Table of ape r tu re -cu r r en t  f a c t o r s ,  F--Aperture c u r r e n t  f a c t o r s  F1 t o  P10 
f o r  I - cu r r en t  d i a l  s e t t i n g s  from 1 t o  10 a r e  shown i n  Table A-4 f o r  t h e  range of 
a p e r t u r e  r e s i s t a n c e s  normally encountered wi th  50- t o  400-micron ape r tu re s  and a 
1-percent  sodium c h l o r i d e  s o l u t i o n  a s  e l e c t r o l y t e .  The va lues  a r e  taken from t h e  
manufacturers more ex t ens ive  b u t  l e s s  d e t a i l e d  t a b l e  [ 4 ] .  
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TABLE A-2 

CALIBRATION MATERIALS TIUT ARE COMMERCIALLY AVAILABLE 

spores  ( r e q u e s t  
d e b r i s  remova 1 Los A l t o s ,  C a l i f o r n i a  
i n s t r u c t i o n s  from Paul  L. Magil l  

P.O. Box 14197 

Ragweed p o l l e n  D a l l a s  34, Texas 
(has  a n  e x t e n s i v e  c a t a l o g  of 
p o l l e n s ,  b u t  n o t  a l l  a r e  

v e r y  narrowly d i s t r i b u t e d  p l a s t i c  152 S i x t h  S t r e e t  
beads,  peaking from 15 microns Cambridge 42, Massachuset ts  

through 95 microns Morton Rosens te in  

Adapted from [ 4 ]  and s l i g h t l y  expanded 
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CORRECTIONS FOR COINCIDENT PASSAGES 
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